University of Pennsylvania

ScholarlyCommons
Publicly Accessible Penn Dissertations
2013

Solution-Phase Assembly of Nanoparticles and Amphiphilic
Polymers: Controlling the Morphology From Vesicles to Micelles
Robert J. Hickey
University of Pennsylvania, rhickey@sas.upenn.edu

Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Chemistry Commons

Recommended Citation
Hickey, Robert J., "Solution-Phase Assembly of Nanoparticles and Amphiphilic Polymers: Controlling the
Morphology From Vesicles to Micelles" (2013). Publicly Accessible Penn Dissertations. 640.
https://repository.upenn.edu/edissertations/640

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/640
For more information, please contact repository@pobox.upenn.edu.

Solution-Phase Assembly of Nanoparticles and Amphiphilic Polymers:
Controlling the Morphology From Vesicles to Micelles
Abstract
Advances in nanocomposite solution-phase assembly involve understanding fundamentally how
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self-assembly of amphiphilic block copolymers and nanoparticles offers a powerful route to the
formation of multifunctional nanocomposites for medical imaging and drug delivery applications. The
possible combinations of various types of nanoparticles and polymers are numerous, but until recently
the major factors that control these structures have not been well understood. Work done by others and
the work in this thesis have shown that the arrangement of nanoparticles within a polymer matrix affects
the composite material's properties in ways not seen in the two separate systems. An important
discovery during my thesis work was the formation of polymer vesicles (polymersomes), densely packed
with iron oxide nanoparticles in the vesicle walls. I demonstrated that, while well-established selfassembly principles of amphiphilic block copolymers provide a valuable guideline for the preparation of
nanoparticle-encapsulating block copolymer assemblies, these principles do not directly apply to the
simultaneous self-assembly of nanoparticles and block copolymers. This point is especially important
when it is desirable to achieve high density nanoparticle loading and specific arrangement of
nanoparticles in polymer assemblies. My work described within this thesis shows how the incorporation
of nanoparticles affects the self-assembly structure and how to control the morphology of nanoparticleencapsulating polymer assemblies.
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ABSTRACT
SOLUTION-PHASE ASSEMBLY OF NANOPARTICLES AND AMPHIPHILIC POLYMERS:
CONTROLLING THE MORPHOLOGY FROM VESICLES TO MICELLES
Robert J. Hickey
Professor So-Jung Park
Advances in nanocomposite solution-phase assembly involve understanding fundamentally how
nanoparticles influence the self-assembly structure of block copolymers.

Researchers have

shown that self-assembly of amphiphilic block copolymers and nanoparticles offers a powerful
route to the formation of multifunctional nanocomposites for medical imaging and drug delivery
applications. The possible combinations of various types of nanoparticles and polymers are
numerous, but until recently the major factors that control these structures have not been well
understood. Work done by others and the work in this thesis have shown that the arrangement of
nanoparticles within a polymer matrix affects the composite material’s properties in ways not
seen in the two separate systems. An important discovery during my thesis work was the
formation of polymer vesicles (polymersomes), densely packed with iron oxide nanoparticles in
the vesicle walls.

I demonstrated that, while well-established self-assembly principles of

amphiphilic block copolymers provide a valuable guideline for the preparation of nanoparticleencapsulating block copolymer assemblies, these principles do not directly apply to the
simultaneous self-assembly of nanoparticles and block copolymers. This point is especially
important when it is desirable to achieve high density nanoparticle loading and specific
arrangement of nanoparticles in polymer assemblies. My work described within this thesis shows
how the incorporation of nanoparticles affects the self-assembly structure and how to control the
morphology of nanoparticle-encapsulating polymer assemblies.
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Figure 2.1. Self-assembly of nanoparticles and block copolymers. (a) Magneto-core/shell
assemblies formed when DMF/THF mixture (96.8 % DMF) was used as the initial solvent for
polymers and nanoparticles. (b) Magneto-micelles assembled in THF. (c) Magnetopolymersomes assembled in dioxane/THF (96.8 % dioxane). (p. 22)
Figure 2.2. Various morphologies of nanoparticle-encapsulating block copolymer assemblies
formed in three different solvent systems with 5.6 nm particles and PAA38-PS154 at the
nanoparticle mass percent of 15.9 %. Same types of morphologies were observed for PAA38PS154 and PAA38-PS189. (a) A TEM image of magneto-core shell assemblies formed when
DMF/THF (96.8 vol % DMF) was used as the initial solvent for polymers and nanoparticles. (b)
A TEM image of magneto-micelles assembled with THF as the initial solvent. (c) A TEM image
of co-assemblies formed with dioxane/THF (96.8 vol % dioxane) as the initial solvent, showing
that both magneto-micelles (blue arrow) and magneto-polymersomes (red arrow) were formed.
(d) DLS data for the assemblies formed with three different solvents. The diameters of the
assemblies were measured to be 164 ± 14 nm and 142 ± 11 nm for DMF and THF samples,
respectively. The dioxane sample was composed of two species, magneto-micelles (blue arrow)
and magneto-polymersomes (red arrow). The size of magneto-micelles and magnetopolymersomes were measured to be 166 ± 18 nm and 408 ± 46 nm. (p. 24)
Figure 2.3. Morphologies of nanoparticle/polymer assemblies formed at different nanoparticle
weight percents (wt%), wt% = 39 % (a), wt% = 56 % (b), wt% = 72 % (c), wt% = 84 % (d), with
the corresponding scheme depicting the observed trend. Scale bars are 100 nm. (p. 27)
Figure 2.4. Polymer concentration effect on the morphology of nanoparticle/polymer assemblies.
At a polymer concentration of 0.39 mg/mL, polymer bilayers form. With the addition of
nanoparticles (wt% = 39 %) to bilayer-forming polymers, 4.1 nm particle passively incorporate
into the polymer. Scale bars are 200 nm. (p. 28)
Figure 2.5. Structural characterization of three different self-assembly structures. STEM images
and Fe intensity line scans for (a) magneto-core shell assemblies formed in DMF/THF (96.8 %
DMF), (b) magneto-micelles formed in THF, (c) magneto-polymersomes formed in dioxane/THF
(96.8 % dioxane), and (d) magneto-micelles formed in dioxane/THF (96.8 % dioxane). The
assemblies were prepared with PAA38-PS189 at the polymer concentration of 0.04 wt % and a
nanoparticle mass percent of 27.1 %. The self-assembled structures are pictorially described
below the EDS data, where light gray lines, dark gray lines, and red dots represent PAA, PS, and
nanoparticles, respectively. (p. 31)
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Figure 2.6. Fe intensity line scan obtained by the energy dispersive x-ray spectroscopy for
magneto-core shell assemblies (a-d) and magneto-polymersomes (e-h) formed with 5.6 nm
particles and PAA38-b-PS189 (0.04 wt %) at the nanoparticle mass percent of 27.1 %. (a) A brightfield STEM image of magneto-core shell assembly. (b) Fe intensity line scan of the magnetocore shell assembly. The two peaks at the left side (c) and the right side (d) of the line scan were
fitted with a Gaussian function. The full width at half maximum (FWHM) was determined to be
17.0 ± 4.8 nm from the fitting. (e) A bright-field STEM image of a mixture of magnetopolymersomes. (f) Fe intensity line scan across three magneto-polymersomes. The two peaks at
the left side (g) and the right side (h) of the line scan were fitted with a Gaussian function. The
FWHM was determined to be 59.8 ± 9.3 nm from the fitting. (p. 32)
Figure 2.7. STEM image with corresponding EELS characterization of a magneto-core/shell
assembly with 8.8 nm iron oxide particles (diameter) and PAA14-PS250. The corresponding EELS
line scan analysis used the carbon-K and iron-L absorption edges. (p. 34)
Figure 2.8. Relative height analyses of spherical micelles and bilayers probed by EELS,
confirming the planar nature of bilayers and spherical shape of nanoparticle/polymer micelles.
STEM images (top) and relative height profiles (bottom) for spherical micelles (a) and a bilayer
(b). Scale bars 100 nm. (p. 35)
Figure 2.9. Comparison of conventional and cryo-TEM images for magneto-polymersomes. (ac) Conventional TEM (a) and cryo-TEM (b) and cryo-STEM (c) images of magnetopolymersomes assembled with 10.8 nm particles. Blue and red arrows indicate polymersomes
and micelles, respectively. (d-f) Conventional TEM (d), cryo-TEM (e), and cryo-STEM (f)
images of magneto-polymersomes assembled with 19.9 nm particles. (p. 36)
Figure 2.10. (a) 0.14 nm thick X-Y computational slices (i-vii) of the 3-D tomographic volume
containing a magneto-core/shell nanoparticle assembly, shown in every 40 slices (rNP = 2.8 nm)
through the volume. (b) 3-D surface rendering of the tomographic volume. Scale bar, 100 nm (p.
39)
Figure 2.11. (a) 0.14 nm thick X-Y computational slices (i-viii) of the 3-D tomographic volume
containing a magneto-micelle nanoparticle assembly using rNP = 2.8 nm, shown in every 40 slices
(5.6 nm per slice) through the volume. (b) Three orthogonal slices XY, YZ, and XZ through the
tomogram with their orientations indicated in the cartoon (top right). (c) 3-D surface rendering of
the tomographic volume, colored red to blue according to the radial position from the center.
Scale bar, 50 nm. (p. 40)
Figure 2.12. TEM tomography of magneto-polymersomes assembled with 10.8 nm iron oxide
particles. (a) 0.23 nm thick X-Y computational slices (i-ix) of the 3-D tomographic volume
containing magneto-polymersomes, shown in every 60 slices (13.8 nm) through the volume. (b)
3-D surface rendering of the tomographic volume, viewed from side (i), bottom (ii) and as a slab
(iii). Scale bar, 200 nm. (p. 42)
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Figure 3.1. (a) Schematic representation of two distinct particle arrangements within polymeric
micelles, magneto-core/shell assemblies and magneto-micelles. The particle arrangement is
dependent on the common solvent used during water addition. (b) Magneto-core/shell assemblies
using rNP = 2.8 nm iron oxide particles (24 wt%) and PAA38-PS247 (0.01 wt% in 1.5 mL DMF).
(c) Magneto-micelles using rNP = 2.8 nm iron oxide particles (62 wt%) and PAA38-PS247 (0.01
wt% in 1.5 mL THF). (p. 49)
Figure 3.2. Schematic representation of the four different nanoparticle arrangements within
polymeric micelles. The different nanoparticle arrangements follow as three-dimensional
spherical aggregates (a), two-dimensional sheets (b), one-dimensional strings (c), and (d) evenly
dispersed. The different arrangements are dependent on the combination of interaction strengths
between, nanoparticle-nanoparticle, polymer-polymer, and nanoparticle-polymer. (p. 52)
Figure 3.3. Comparison of r2 values versus nanoparticle wt% with rNP = 2.9 nm for magnetocore/shell assemblies and magneto-micelles. The polymer concentration was kept constant (0.01
wt%) while the amount of nanoparticles was increased. (a,b) TEM images of magneto-core/shell
assemblies at a nanoparticle wt% of 24 (a) and 62 (b). (c,d) TEM images of magneto-micelles
assembled at nanoparticle wt% of 24 (c) and 62 (d). (e) DLS intensity plot of magneto-core/shell
assemblies at 24 wt% and 62 wt%. (f) DLS intensity plot of magneto-micelles at 24 wt% and 62
wt%. (g) r2 rate dependence on micelle morphology and nanoparticle wt%. The polymer PAA38PS247 was used for both DMF and THF samples. (p. 55)
Figure 3.4. Magneto-core/shell micelle size dependence on polymer aggregation number with
rNP = 3.2 nm iron oxide particles and the polymer PAA38-PS247. (a-c) The nanoparticle weight
percent (24 wt%) is kept constant while the polymer concentration is increased from (a) 0.01 wt
%, to (b) 0.05 wt %, and (c) 0.11 wt %. (d) DLS measurement of core/shell assemblies and r2
rate dependence on polymer concentration. (p. 56)
Figure 3.5. Nanoparticle/polymer aggregates with rNP = 3.2 nm iron oxide particles and the
polymer PAA38-PS247. The nanoparticle weight percent (24 wt%) is kept constant while the
polymer concentration is 0.23 wt %. (p. 58)
Figure 3.6. Structural parameters in magneto-core/shell assemblies of block-copolymers and
nanoparticles. (a) A TEM image of co-assembled block-copolymer micelles with rNP = 4.9 nm
and PAA38-PS154 and a drawing of self-assembled structure with important dimensions. (b) RA
dependence on rNP for both PAA38-PS154 (●) and PAA38-PS108 (■). (c) RNC dependence on rNP for
both PAA38-PS154 (●) and PAA38-PS108 (■). (d) LS dependence on rNP for both PAA38-PS154 (●)
and PAA38-PS108 (■). The weight percent of nanoparticles were 10.0 % and 16.0 % for PAA38PS108 and PAA38-PS154, respectively. (p. 60)
Figure 3.7. Structural parameters for magneto-core/shell micelles. TEM images of coassemblies with (a) rNP = 2.3 nm and (b) rNP = 7.5 nm using PAA38-PS189. (c) RA dependence on
rNP for both PAA15-PS107 (■) and PAA38-PS189 (○). (d) RNC dependence on rNP for both PAA15PS107 (■) and PAA38-PS189 (○). (e) LS dependence on rNP for both both PAA15-PS107 (■) and
PAA38-PS189 (○). (p. 61)
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Figure 3.8. (a) Pictorial description of the extra volume (grey) created by nanoparticles
incorporated between the polymer core and the shell. The larger RNC with a smaller curvature
(bottom) reduces the “extra volume” per nanoparticle. (b) The extra volume calculated assuming
the monolayer of nanoparticles at the interface. The relationship between the radial location of
nanoparticles (i.e., RNC) and the extra space created in the shell is visualized above (Figure 3.8),
which plots the calculated extra volume as a function of RNC for a series of nanoparticle sizes.
For the three different nanoparticle sizes examined in this study, experimentally determined RNC
values (Figure 3.6) were found on the region of the curve where the rate change begins
drastically changing. This result indicates that below the critical RNC, the assemblies become
unstable due to the polymer stretching associated with the increased extra volume created in the
shell. Also note that the extra space per nanoparticle increases with the nanoparticle size at a
fixed curvature of interface, and the critical RNC values shifts towards smaller values for smaller
nanoparticles, which explains the observed RNC dependence on the nanoparticle size (Figure 3.6).
(p. 62)
Figure 3.9. Nanoparticle size effect on block-copolymers. (a) A low magnification TEM image
of nanoparticles with a radius of 7.5 nm incorporated into PAA38-PS73. (b) A higher
magnification TEM image of nanoparticles with a radius of 7.5 nm incorporated into PAA38-PS73.
(c) A low magnification TEM image of nanoparticles with a radius of 7.5 nm incorporated into
PAA38-PS108. (d) A higher magnification TEM image of nanoparticles with a radius of 7.5 nm
incorporated into PAA38-PS108. (p. 64)
Figure 3.10. Inverse transverse relaxation time (1/T2) versus the iron molar concentration [Fe]
for assemblies prepared with individual (a) and mixed (b) iron oxide nanoparticles. (a) Magnetic
relaxivity data for assemblies prepared with three different sized iron oxide nanoparticles, 2.3 nm
(black squares), 3.2 nm (red circles), and 7.5 nm (green triangle). The error bars are the standard
deviations from three different measurements. Magneto-core/shell assemblies use iron oxide
particles (24 wt%) of verious sizes and PAA38-PS247 (0.01 wt% in 1.5 mL DMF). (p. 65)
Figure 3.11. Comparison of magneto-core/shell r2 values versus nanoparticle wt% with rNP = 2.9
nm. In this set of experiments, the polymer concentration was kept constant (0.01 wt%) while the
amount of nanoparticles was increased. (a-c) TEM images of magneto-core/shell micelles
assembled at nanoparticle wt% of 24 (a), 49 (b), and 62 (c). (d) LS (black) and RNA (red)
dependence on nanoparticle wt% for the corresponding micelles in a-c. (e) r2 rate dependence on
nanoparticle wt% for the corresponding micelles in a-c. (f) Schematic description of nanoparticle
wt% effect on RNC and LS of magneto-core/shell micelles. The polymer PAA38-PS247 was used for
all samples. (p. 67)
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Chapter 4
Figure 4.1. Composite bilayer formation at a nanoparticle weight percent of 39% using the
polymer PAA18-PS128. The series of TEM images clearly shows nanoparticles and the bilayer
edge. Iron oxide nanoparticles are 4.1 nm and the polymer has a concentration of 0.04 wt% in
DMF. (p. 74)
Figure 4.2. Two possible arrangements of iron oxide nanoparticles in block copolymer bilayers.
iron oxide nanoparticles are assembled in the middle of PS layer (a) or, randomly incorporated in
PS layer (b). The black spheres, black lines, and grey lines indicate iron oxide nanoparticles, PS,
and PAA, respectively. (p. 75)
Figure 4.3. Composite bilayer formation at a nanoparticle weight percent of 8% using the
polymers PAA38-PS43, PAA38-PS73, and PAA38-PS108. Bilayer formation with different polymers,
(a,d) PAA38-PS43, (b,e) PAA38-PS73, and (c,f) PAA38-PS108. The higher magnification TEM
images clearly show nanoparticles and the bilayer edge. Iron oxide nanoparticles are 4.6 nm and
the polymers all have a concentration of 0.04 wt% in DMF. (p. 77)
Figure 4.4. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies
probed by TEM measurements. TEM images taken right after dialysis (a), after 6 days (b), and
after 10 days (c). Scale bars are 200 nm except the scale bar in the inset (50 nm). Virtually all
bilayers are converted into spherical assemblies with nanoparticles radially arranged inside the
micelles within 10 days. (p. 78)
Figure 4.5. Schematic description of the bilayer-to-micelle morphological transition by the
“budding” mechanism. Black dots, black lines, and grey lines represent nanoparticles, PS, and
PAA, respectively. (p. 79)
Figure 4.6. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies at a
nanoparticle weight percent of 56 % in a DMF/water mixture (DMF:water = 0.63:0.37). TEM
images measured after 15 hours of mixing (a), after 7 days (b), and after 10 days (c). Scale bars
are 500 nm except the scale bar in the inset (50 nm). (p. 82)
Figure 4.7. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies at a
nanoparticle weight percent of 39 %. TEM images were taken right after dialysis (a), after 4 days
(b), and after 44 days (c). Scale bars are 500 nm except the scale bar in the inset (50 nm). (p. 83)
Figure 4.8. Bilayer-to-micelle morphological transitions of nanoparticle/polymer assemblies
using the polymers PAA38-PS43, PAA38-PS73, and PAA38-PS108. TEM images taken right after
dialysis for the polymers (a) PAA38-PS43, (d) PAA38-PS73, and (g) PAA38-PS108, after 12 days (b)
PAA38-PS43, (e) PAA38-PS73, and (h) PAA38-PS108, and after 26 days (c) PAA38-PS43, (f) PAA38PS73, and (i) PAA38-PS108. Composite bilayer formation at a nanoparticle weight percent of 8%
with 4.6 nm iron oxide nanoparticles and the polymers all have a concentration of 0.04 wt% in
DMF. (p. 84)
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Chapter 5
Figure 5.1. Effect of nanoparticles on the self-assembly structure of block-copolymers (PAA38PS73) and nanoparticles (5.6 nm nanoparticle). (a) A TEM image of block-copolymers formed
without nanoparticles showing simple micelles. (b-d) TEM images of co-assemblies formed at
different nanoparticle weight percents (10.0 % (b), 25.0 % (c), 35.8 % (d)). The assemblies were
formed in dioxane/THF (96.8 % dioxane) at a constant polymer concentration (0.03 wt %) with
varying the nanoparticle weight percent. Insets in (b) and (d) are dark-field STEM images. (e) A
bright field STEM image of maneto-polymersomes shown in (d). Vesicle structures are clearly
seen in the bright field STEM image. (f) DLS data of the four different samples presented in a-d.
Consistent with the TEM results, the DLS data show that the assemblies formed at 10.0 % and
25.0 % nanoparticle weight percents are composed of magneto-polymersomes and magnetomicelles, and the assemblies formed at 35.8 % nanoparticle mass fraction contains only magnetopolymersomes. (g) A pictorial description of the relative volume ratio change caused by the
addition of nanoparticles (top), inducing the micelle to vesicle morphological change (bottom).
(p. 91)
Figure 5.2. Effect of nanoparticle weight percents on the self-assembly structure of a vesicleforming polymer, PAA38-PS154 (0.03 wt %) and 5.6 nm particles. (a) A TEM image of blockcopolymers formed without nanoparticles showing vesicles. (b-d) TEM images of co-assemblies
formed at different nanoparticle weight percents (10.0 % (b), 35.8 % (c), 43.8 % (d)). The
assemblies were formed in dioxane (96.8 %) at a constant polymer concentration (0.03 wt %)
with varying the nanoparticle mass percent. (e) A bright field STEM image of magnetopolymersomes shown in (c). Vesicle structures are clearly seen in the image. (f) DLS data of the
four different samples presented in a-d. Consistent with the TEM images, the DLS data show that
at low nanoparticle mass percents, magneto-micelles were formed. At higher nanoparticle mass
percents, a mixture of magneto-polymersomes and magneto-micelles were formed. (g) A
pictorial description of the effect of nanoparticle weight percent on the self-assembly structure of
vesicle-forming polymers. (p. 93)
Figure 5.3. (a) A pictorial description of the polymer length dependence on the self-assembly
structure. With decreasing PS lengths, magneto-polymersomes become dominent over magnetomicelles. (b) DLS data of co-assemblies formed with three different length polymers (PAA38PS73, PAA38-PS154, and PAA38-PS189). All self-assembly conditions were kept constant with a
nanoparticle weight percent of 35.8 % and the polymer concentration of 0.03 wt %. The DLS
data indicate that the population of magneto-polymersomes increases with decreasing PS length
as depicted in (a). (p. 96)
Figure 5.4. Addition of hydrophobic material to micelle-forming polymers (PAA50-PS102). TEM
images of (a) micelles using the polymers PAA50-PS102, (b) micelle-like assembles using the
polymer PAA50-PS102 and Fe-oleate, and (c) worm-like assembles using the polymer PAA50-PS102
and oleic acid. The polymer concentration in 1.5 mL of dioxane was 0.03 wt% and both the Feoleate and oleic acid were at a 25 wt% loading, hydrophobic material to polymers. (p. 97)
Figure 5.5. Biodegradable polymersomes assembled with iron oxide nanoparticles and PEO45PLA83. Three different nanoparticle sizes were used for assembly, (a) 5.8 nm, (b) 9.9 nm, and (c)
16.3 nm. Higher magnification images show the individual nanoparticles, (d) 5.8 nm, (e) 9.9 nm,
and (f) 16.3 nm. The polymer concentration in 1.5 mL of dioxane was 0.26 wt% and the
nanoparticle weight percent in the polymer was 6 wt%. (p.98)
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Figure 5.6.
Post-processed biodegradable polymersomes assembled with iron oxide
nanoparticles and PEO45-PLA83. Three different nanoparticle sizes were used for assembly, (a)
5.8 nm, (b) 9.9 nm, and (c) 16.3 nm. The polymersomes were cleaned by passing a diluted, asprepared polymersome solution through a 400 nm pore size membrane using a membrane
extruder. (d) DLS spectra of the three post-processed polymersome samples from Figures 5.6a,
b, and c. (e) Cryo-TEM image of a biodegradable polymersome assembled with 9.9 nm iron
oxide nanoparticles. (f) DLS spectra of biodegradable polymersomes assembled with 9.9 nm iron
oxide nanoparticles in water and PBS after post-processing. The polymer concentration in 1.5
mL of dioxane was 0.26 wt% and the nanoparticle weight percent in the polymer was 6 wt%. (p.
100)
Figure 5.7. MRI contrast ability for biodegradable polymersomes assembled with 9.9 nm iron
oxide nanoparticles in water. The average R2 value calculated for four samples was 279 ± 12 s1
mM-1. (p. 101)
Chapter 6
Figure 6.1. (a-c) TEM images of magneto-polymersomes assembled with (a) 6.4 nm, (b) 10.8
nm, and (c) 16.3 nm iron oxide particles at 25 nanoparticle wt %. Blue and red arrows indicate
polymersomes and micelles, respectively. (d) TEM analysis of vesicle number percent, which is
defined by 100% times the number of polymersomes over the number of polymersomes and
micelles. Over 200 assemblies were counted for the analysis. (e) Size histogram of magnetopolymersomes determined by TEM. (f) Normalized DLS data for magneto-polymersomes
formed with a series of different sized nanoparticles at 25 nanoparticle wt %. (p. 108)
Figure 6.2. A pictorial description showing that the population of magneto-polymersomes over
that of magneto-micelles increases with an increase in nanoparticle sizes at the constant
nanoparticle weight percent. (p. 109)
Figure 6.3. (a) A pictorial description showing how the size of incorporated nanoparticles affects
the size of polymersomes. (b) Schematic representation of the nanoparticle size effect on the
curvature of polymersome membranes. As the nanoparticle size increases, the cone angle of
amphiphilic molecules and the membrane curvature increases, resulting in the reduction of
polymersome sizes. (p. 111)
Figure 6.4. (a-b) TEM images of magneto-polymersomes assembled with (a) 6.4 nm and (b) 10.8
nm particles at 10 nanoparticle wt %. (c) DLS data for magneto-polymersomes formed with 6.4
nm, 10.8 nm, and 19.9 nm particles. Two peaks at smaller and larger diameters correspond to
micelles and polymersomes, respectively. It is evident that the polymersome population increases
with the size of nanoparticles and that the size of polymersomes decreases with increasing
nanoparticle diameter. (d-e) The diameters of magneto-polymersomes determined by TEM (d)
and DLS (e) for two different nanoparticle wt %. The standard deviation was determined by
three different measurements. (f) The hydrodynamic diameter of magneto polymersomes formed
with 5.6 nm particles as a function of nanoparticle wt %. (p. 112)
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Figure 6.5. Fe intensity line scans obtained by EDS for magneto-polymersomes formed with (ad) 6.4 nm particles at 25 nanoparticle wt%, (e-h) 10.8 nm particles at 25 nanoparticle wt%, (i-l)
5.6 nm particles at 10 nanoparticle wt%, and (m-p) 5.6 nm particles at 36 nanoparticle wt%. (a, e,
i) Bright-field STEM images of polymersomes. (b, f, j) EDS Fe line scan. (c, g, k) The peaks at
the left sides of the polymersomes fitted with a Gaussian function. (d, h, i) The peaks at the right
sides of the polymersomes fitted with a Gaussian function. The FWHM were determined to be
69 ± 11 nm, 51 ± 12 nm, 28 ± 7 nm, and 58 ± 9 nm for 6.4 nm (25 wt %), 10.8 nm (25 wt %), 5.6
nm (10 wt %), and 5.6 nm (36 wt %), respectively from the fitting. Over twenty polymersomes
were examined for each sample for the analysis. (p. 115)
Figure 6.6. Polymersome assembly with single and mixed nanoparticle sizes. This study will
allow for the visualization of nanoparticle location within the polymersome wall. Single
nanoparticle sizes, (a) 5.8 nm and (d) 16.3 nm, were used in polymersome assembly. Mixed
nanoparticle sizes using 5.8 nm and 16.3 nm with weighted averages of (b) 11.1 nm and (c) 14.6
nm were used in polymersome assembly. The polymer used to make polymersomes was PAA50PS102 (0.03 wt% in 1.5 mL of dioxane) with a nanoparticle weight percent of 25 %. (p. 116)
Figure 6.7. Transverse relaxivity rates (r2) for magneto-polymersomes assembled with different
sized iron oxide nanoparticles at 25 nanoparticle wt %. The r2 values (black) were calculated to
be 295 ± 24 s-1mM-1, 378 ± 35 s-1mM-1, 561 ± 38 s-1mM-1, and 555 ± 24 s-1mM-1 for magnetopolymersomes made from iron oxide nanoparticles of diameter 5.6 nm, 6.4 nm, 10.8 nm, and 15.5
nm, respectively. The sizes of the magneto-polymersomes (red) from Figure 6.1 were plotted
along with the r2 values. The standard deviations of the r2 values were determined from at least
three separate samples. The plots of inverse transverse relaxation time (1/T2) versus iron molar
concentration are provided in Figure 6.8. (p. 118)
Figure 6.8. Inverse transverse relaxation times (1/T2) versus the iron molar concentration [Fe] of
magneto-polymersomes assembled with various iron oxide nanoparticles; (a) 5.6 nm, (b) 6.4 nm,
(c) 10.8 nm, and (d) 15.5 nm. Different colored dots correspond to different measurements. (p.
119)
Chapter 7
Figure 7.1. Co-assembly of AuNPs and PS-PAA block copolymers. (p. 124)
Figure 7.2. Scheme representing how AuNPs do not decorate preformed polymersomes. (p.125)
Figure 7.3. Characterization of AuNP decorated polymersomes by co-assembly. Self-assembled
polymersomes (a) without AuNPs and (b) with AuNPs. (c) High magnification of a single
polymersome showing AuNPs. (d) A bright-field STEM image showing a single polymersome
with the red line corresponding to the EDS Au intensity profile. The volume fraction of gold to
polymer is 1.2 %. (p. 129)
Figure 7.4. AuNP decorated polymersome formation by co-assembly at different water volume
fractions, (a) 0 %, (b) 48 %, (c) 73 %, and (d) 100 %. (e) A scheme showing how AuNP
decorated polymersomes are formed during water addition and dialysis. The volume fraction of
gold to polymer is 1.2 %. (p. 130)
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Figure 7.5. Formation of multi-component vesicles with AuNPs. (a) Scheme representing
formation of multi-component vesicles at increased AuNP concentrations. (b,c) Co-assembly of
AuNPs and polymers at a AuNP volume fraction of 4.6 %. (p.132)
Figure 7.6. (a-c) Co-assembly of AuNPs and polymers at a AuNP volume fraction of 0.6 vol%.
(p. 133)
Figure 7.7. Nanoparticle influence on polymersome formation with biodegradable polymers.
Co-assembly of AuNPs and PEO45-PLA83 at AuNP volume fraction of 1.2 %. (a) Cryo-TEM
image of PEO45-PLA83. (b) Conventional TEM image of AuNP and PEO45-PLA83 polymersomes.
(c-d) Cryo-TEM images of AuNP and PEO45-PLA85 polymersomes. (p. 135)
Figure 7.8. TEM images of AuNPs encapsulated within biodegradable polymeric micelles. The
block copolymers used were PEO45-PCL49 (a) and PEO114-PCL153 (b). (p. 136)
Chapter 8
Figure 8.1. Quasi-hydrophobic nanoparticles self-assemble into vesicles during slow water
addition. (a) Schematic representation of vesicle formation. (b-c) TEM and (d-e) Cryo-TEM
images of vesicles assembled of gold nanoparticles. AuNP initial concentration in 150µL of
ethanol was 3.0 µM. (p. 142)
Figure 8.2. Nanoparticle concentration influence on vesicle formation. (a-c) TEM and (d-f)
Cryo-TEM images of vesicles assembled of gold nanoparticles with increasing concentration, 0.6
µM (a,d), 3.0 µM (b,e), and 15.0 µM (c,f), respectively. (p. 143)
Figure 8.3. Self-assembly of inorganic amphiphiles. (p. 145)
Figure 8.4. Influence of added surfactants (oleic acid) on vesicle formation. (a-c) TEM images
of vesicles assembled with increasing oleic acid, using 1.5 mL of solutions with OA
concentrations of 0 mg/mL (a), 0.1 mg/mL (b), and 1.0 mg/mL (c). (d-f) Cryo-TEM images of
vesicles assembled with increasing oleic acid, 0 mg/mL (d) and 0.1 mg/mL (e). (d)
Corresponding DLS intensity plot of vesicles assembled in the presence of oleic acid. AuNP
initial concentration in 150µL of ethanol was 3.0 µM. (p. 146)
Figure 8.5. DLS intensity plot of vesicles assembled with OA. (p. 149)
Figure 8.6. Influence of added surfactants (1-mercapto-1-undecanol) on vesicle formation. (a)
TEM and (b) Cryo-TEM images of vesicles assembled with in the presence of 1.5 mL of a 0.1
mg/mL MUL solution. (c-d TEM images of vesicles assembled with in the presence of 1.5 mL of
a 1.0 mg/mL MUL solution. (e) Bright-field STEM image with corresponding (f) twodimensional Au intensity mapping. AuNP initial concentration in 150µL of ethanol was 3.0 µM.
(p. 150)
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Chapter 1: Introduction

1.1 Nanocomposites Composed of Nanoparticles and Polymers
Ages of materials, stone, iron, bronze, have come and gone, and more are on the horizon.
Currently, we are experiencing the polymer age.1 Leo Hendrick Baekeland catalyzed the age of
polymers with his first reported synthesis of Bakelite in 1909, from his personal lab in Yonkers,
New York.2 Bakelite was the first reported, fully synthetic material which was produced from the
condensation of formaldehyde and phenol under heat and pressure.2 The material created by
Baekeland changed the way industrial chemistry and materials synthesis were conducted and
today one can observe all the great benefits from polymeric materials. Today, most of the
polymeric materials used are hybrids, composed of various fillers and plasticizers for the tuning
of material's properties. The progress in materials synthesis and characterization of polymers
from 1909 until now have been, to say the least, enormous. Material synthesis and processing is
still being fundamentally understood and actively researched. With the advent of nanoscience
and a better understanding at the molecular level, new and exciting polymeric materials are sure
to find their way into society like Bakelite did in the past.
Hybrid materials produced in nature, for example bone, shell, and wood, have
outstanding mechanical and regenerative properties.3-7 In a number of these biological materials,
there is a combination of inorganic and organic materials.3-7 Synthetic procedures have shown
that by simply combining these materials together, the observed toughness is not reproducible
when compared to the natural counterparts.8-11 The reason for the difference in mechanical
properties, from synthetic to natural hybrid materials, is the degree of hierarchical ordering in
natural materials.6,7 For example, characterization techniques have shown that the nacre of
mollusk shells have a brick-and-mortar arrangement.5-7,12 The bricks are composed of aragonite
platelets (CaCO3) with dimensions of 250 nm thick and 5-10 µm wide. The mortar is an organic
matrix that makes up roughly 5 % volume of the composite and is composed of
macromolecules.5-7,12

Fundamental understanding of how nature creates these hierarchical

structures and correlation of the structure to physical properties is still in its infancy. Currently,
the complexity of natural hybrid materials is not possible through synthetic routes.8-11 Therefore,
basic research is needed on nanoscale assembly of hybrid materials, the hierarchical order of
nanoscale structures at macroscale lengths, and the correlation of structure to property.
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The hybrid material resulting from the combination of two or more nanoscale objects (1100 nm) is known as a nanocomposite.13-15

To date, nanocomposites have been made by

combining materials such as polymers, ceramics, clays, metals, and nanoparticles in a variety of
ways.13-30

The combination of nanoparticles (oxides, metals, semiconductors, or carbon

derivatives) and polymers is a powerful method for creating nanocomposite materials with
tunable optical, magnetic, electrical, and mechanical properties.16-30 Great effort has been made
in controlling the resultant microstructure and fundamentally understanding how the morphology
of nanocomposites correlates to the properties of the material.13-15 Experimental and theoretical
work has helped in optimizing nanoparticle dispersion and controlling the nanoparticle aggregate
size and shape.31-35 In these works, the final nanocomposite microstructure is dependent on the
interplay

of

nanoparticle-nanoparticle,

polymer-polymer,

and

nanoparticle-polymer

interactions.13,14,36-39 Still, besides the wealth of information and progress made in the field, more
research into exactly how both kinetic and thermodynamic considerations ultimately dictate the
final assembled structure are needed.
Addition of fillers to control polymeric material properties began as early as Baekeland's
first report of Bakelite.2 In the 1950's, addition of carbon black to vulcanized rubber showed
changes in the elastic properties.24,25,40 Still, following this reported work, research in hybrid
polymeric materials was sparse. In the 1990's, research reported by the Toyota Labs involved the
synthesis and characterization of nylon 6-clay hybrid materials.21,28 Toyota reported significant
increases in strength and modulus when compared to neat nylon 6.21,28 The synthesis of the
hybrid materials involved intercalation of the polymer monomer into the clay mineral, 12montmorillonite, and proceeded with polymerization of the monomer to nylon 6.21,28

The

resulting product had a uniform dispersion of silicate layers within the nylon matrix. The
constituents were similar to nacre, inorganic platelets and organic matrix, but the hierarchical
order was not present.21,28 As reported within the publication, electron microscopy and X-ray
diffraction confirmed that the hybrid product was truly a composite material with nanofillers, or a
nanocomposite.21,28
Nanocomposite research has grown beyond mechanical properties to other areas
including electrical transport in solar cells and biomedical applications. Research involving bulkphase nanocomposites by optimizing electrical properties of organic semiconductors with the
addition of fullerenes and semiconducting CdSe nanostructures has the potential to change energy
production.18-20,27 In addition, the area of colloidal nanocomposites is changing drug delivery,
medical imaging, and tissue engineering.41-44 The underlying factors in all this work are the
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controlled synthesis of the individual constituents (polymers and fillers) and the precise assembly
(nanoparticle-nanoparticle, polymer-polymer, and nanoparticle-polymer interactions) into
inexpensive, durable, and useful materials.

1.2 Block Copolymer Physics for Bulk and Solution-Phase
Block copolymers are a class of macromolecules that many researchers use to control
spatial arrangement of nanofillers within composite structures.13-15

Block copolymers are

polymers that have two chemically different polymers, or blocks, attached covalently.38,45 Within
this thesis, only linear AB block copolymers will be discussed. Currently, there are a vast
number of synthetic procedures for producing unlimited possibilities of block copolymers with
more than two blocks and more than two different polymers.46 This diversity in chemical and
structural possibilities allows for the creation of materials with various properties.
The covalent bond linking the AB blocks forces the two together into a single
component. This single component is not allowed to phase separate, and is the fundamental
reason AB block copolymers microphase separate into a number of different morphologies,
spherical, cylindrical, gyroid, and lamellar. For example, if two immiscible polymers are mixed,
they will phase separate like water and oil. The driving force for phase separation is the reduction
of interfacial area contact because the contact energy between the two is high. Therefore, the
covalent bond forces the two blocks together.45
In bulk and solution-phase, the morphology of block copolymers is dependent on two
factors, enthalpy and entropy.38,47 The enthalpy and entropy of the system controls the interfacial
energy between the two blocks and the stretching of the chains in different conformations,
respectively.38,47

Enthalpy and entropy are controlled by the interaction parameters of the

polymer blocks (Flory-Huggins interaction parameter, χAB) , the degree of polymerization (N) and
the volume fraction (fA + fB = 1) of the two blocks.38,45,47

The Flory-Huggins interaction

parameter quantifies the degree of compatibility between the two blocks. The value of the FloryHuggins interaction parameter between an AB block copolymer is described by,38,45,47
𝜒AB =

z
(𝜀
𝑘𝐵 𝑇 AB

−

1
(𝜀
2 AA

+ 𝜀BB )

(1)

where z is the number of nearest neighbors per repeat unit within the polymer, kB is the Boltzman
constant, kBT is the thermal energy, and εAB, εAA, and εBB are the interaction energies of the
monomer units.38,45,47 When χAB is positive, there is a net repulsion between the two blocks.
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Positive χAB values are observed when there are no dipole-dipole or hydrogen bonding
interactions. Negative χAB values indicate attraction between the two blocks.
When χAB is large enough, AB block copolymers will microphase separate into specific
domains of purely A and B with morphologies stated above.38,45,47 The strength of microphase
separation is quantified by combining χAB and N to give, χABN.38,45,47 Block copolymer theories
have shown that when χABN > 10.5, microphase separation occurs which results in well ordered
domain spacing of A and B blocks. This regime is known as the strong segregation limit. Below
this threshold, when χABN < 10.5, the polymers will be disordered without clear microphase
separation, and this regime is known as the weak segregation limit. The transition between χABN
< 10.5 < χABN is known as the order-disorder transition (ODT).38,45,47 This transition can be
tuned in multiple ways.

The main ways to change this is temperature, N, and χAB.38,45,47

Therefore, as seen above, chemical and processing techniques allow for precise control over
block copolymer morphology and, as a result, for control over filler orientation within the various
polymer morphologies.
When compared to those in the bulk, morphological considerations for block copolymers
in solution are more complex due to solvent interactions with each block.47,48

The same

thermodynamic considerations are used, but solvation plays a crucial part during self-assembly.
For example, for the same block copolymer, different morphologies are accessible depending on
the common solvent used to solubilize the polymers.48

1.3 Self-Assembly of Nanoparticles and Block Copolymers
Co-assembly of nanoparticles and polymers is a complicated process and involves many
parameters.

Of these, two major parameters need to be considered: interaction parameters

between the polymer and the ligands on the nanoparticles (enthalpic), and the particle size and
shape (entropic).13-15,34,39 If nanoparticle-nanoparticle interactions are strong, they will need to be
accounted for as well. But, for weakly or non-interacting nanoparticles, nanoparticle-nanoparticle
interactions are negligible and will not interfere with co-assembly processes.
Similar to the AB block copolymer interaction parameter χAB, as explained above, the
interaction parameters are also important when determining nanoparticle-polymer interactions.
The Flory-Huggins interaction parameter represents the pairwise interaction energy between
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species in a mixture (polymers, nanoparticles, and solvents). This parameter can be obtained by
using equation (2),49

χ12 ∝ (δ 1 − δ 2 )2

(2)

where δ1 and δ2 are solubility parameters for species 1 and species 2, and χ12 is the Flory-Huggins
interactions parameter for the two species.49 These values are a qualitative way for determining
favorable and unfavorable interactions. As before, the magnitude of χ12 allows for one to
determine attractive or repulsive interactions. For example, if the value of χ12 is 0, this occurs
when the ligand on the nanoparticle is the same as one of the blocks of the block copolymer, the
particles will reside within that block.
Solubility parameters are values that account for dispersion forces (δd), permanent dipoledipole interactions (δp), and hydrogen bonding (δh) and are used to determine δ by the equation,

δ 2 = δd2 + δp2 + δh2.49 In the simplest form, solubility parameters are cohesive energy values and
are determined by evaporation of a liquid.49

The reason for this is that when a liquid is

evaporated, all cohesive bonds are broken. For example, when comparing hexane (14.9 MPa1/2)
to water (47.9 MPa1/2), water has a greater value because hydrogen bonding is stronger than
dispersion and dipole interactions.49 In general, the closer in solubility parameter value for two
components, solvent, polymer, or ligand, the more miscible they are.
Nanoparticle size plays an important part in co-assembly dynamics.14,15,34,39 Entropically,
the larger the inclusion, the less favorable the nanoparticle-polymer interaction.14,15,34,39 Previous
polymeric nanocomposite material studies showed that filler materials with a rNP/Rg > 1 (where
rNP and Rg are the radius of the particle and radius of gyration, respectively) macroscopically
segregated from polymers.35 The radius of gyration is a useful measure of the polymer size and is
calculated using, Rg = (bN1/2)/61/2, where b is the statistical segment length of the monomer.45 The
statistical segment length of a monomer is how long, end to end, a monomer is. The radius of
gyration is related to the root-mean-square end-to-end distance, R0, and is equal to bN1/2. For
ideal, freely rotating linear polymers, or coil-like polymers, all monomers rotate independently
and can adopt any conformation. In reality, this is not true because monomers do interact with
each other, and this is why Kuhn lengths are used instead of statistical segment lengths. Coming
back to entropic interactions, the ideal length and energetically favorable conformation for a
polymer is Rg.45 When any deviation exists, whether by compression or stretching, the polymer
chain entropy decreases. This is not energetically favorable.14,15,34,39 Therefore, when a filler is
present, the polymer chain adopts different conformations and depending on the overall
5

interactions, filler and polymer may phase separate. With these considerations, enthalpic and
entropic, one is able to predict favorable co-assembly conditions with various nanoparticle and
polymer systems.

1.4 Nanocomposites for Nanomedicine
Nanomedicine is an emerging field that has combined nanotechnology and medicine for
the purposes of healthcare diagnostics, therapies, and imaging.41,44,50,51 Nanotechnology involves
the synthesis and engineering of materials with at least one component in the size range of 1-100
nm. Within this size regime, materials exhibit unique properties not observed at the macroscopic
scale.52 As a result, these materials can be utilized for new technologies not previously realized.
By combining these two fields, various medical achievements are possible involving targeted
drug delivery to specific areas within the body, delivery of water-insoluble drugs, increased drug
loading within nanocarriers, and multifunctional properties combining drug delivery and
imaging.43,53,54 One of the main advantages of targeted drug delivery using nanocarriers is that
with such high drug payloads, smaller amounts of drugs are needed, thus reducing the drug’s
interaction with healthy cells.
Polymeric nanoscale materials are a subgroup of nanomedicine based nanocarriers.55
Both therapeutic and imaging agents can be embedded within the polymer vehicle for the creation
of multifunctional nanocarriers.43,44,56 The self-assembly of amphiphilic block copolymers and
nanoparticles offers a powerful route to the formation of multifunctional nanoparticles for
medical imaging and drug delivery applications.55,57 In addition, well-established self-assembly
principles of amphiphilic block copolymers provide a valuable guideline for the preparation of
nanoparticle-encapsulating block copolymer assemblies.58 On the other hand, there are some
cases where these guidelines do not work for the self-assembly of nanoparticles and block
copolymers.59,60 It is at this junction between well-established principles and novel properties of
polymer based materials where there is the ability to increase the capabilities of nanomedicine
therapeutics and imaging.
Superparamagnetic iron oxide (SPIO) nanoparticles are a class of nanoparticles that has
been extensively studied for a range of biomedical applications including magnetic resonance
imaging (MRI) and drug delivery.61-63

Superparamagnetism is a magnetic property of

ferromagnetic nanoparticles in which the magnetic moment of a single particle is randomized at
room temperature and in the absence of an external magnetic field; the net magnetic moment of a
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single particle appears zero. Iron oxide nanoparticles are commonly used as contrast agents for
MRI, and a few products are commercially available.

Owing to recent advances in

nanotechnology, researchers can now routinely synthesize high quality iron oxide nanoparticles
with improved magnetic properties and narrow size distributions through reliable organic phase
high temperature synthetic methods. These organic-phase nanoparticles can be transferred into
water by various procedures, including the exchange of surface ligands and by coating with
polymers.

An important property of iron oxide nanoparticles is the ability to increase the

temperature of their local environment by the application of an external alternating magnetic field
and magnetically directed delivery.64

For these reasons, the combination of magnetic

nanoparticles and polymers offer a powerful route to the formation of multifunctional
nanoparticles for imaging and drug delivery applications.
Polymeric vesicles, or polymersomes, have attracted significant attention for the past
decade, owing to their ability to transport both hydrophobic and hydrophilic substances and their
controllable membrane properties.57,65-69 Polymersomes are vesicle structures in which a polymer
bilayer creates a hollow structure that encloses the surrounding solution. For medical purposes,
the solution is usually aqueous. Due to their versatility, polymersomes encapsulating dyes and/or
drug molecules have been actively explored for imaging and drug delivery applications.
However, little research has been done with polymersomes in conjunction with nanoparticles. In
fact, most previous works on nanoparticle-encapsulating polymer assemblies have been carried
out with simple micelles due to the technical difficulties in preparing polymersomes that
incorporate nanoparticles into polymersome walls.

1.5 Thesis Overview
This thesis focuses on controlling nanoparticle-polymer interactions in the solution phase
for assembly of multifunctional polymeric materials. This work began by synthesizing iron oxide
nanoparticles and incorporating them within in a prototypical amphiphilic block copolymer
composed of poly(acrylic acid) and polystyrene (PAA-b-PS).70 By following previous work
conducted by Brenda Sanchez from the same group, I was able to form ordered arrays of
nanoparticles in block copolymer micelles.71 During the self-assembly process, nanoparticles
spontaneously phase segregate to an interface inside polymeric micelles forming an unusual
cavity-like structure. In addition, I observed a novel morphological behavior of block copolymer
bilayers.60

Surprisingly, block copolymer bilayers undergo a morphological transition to
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spherical micelles in water through their interactions with embedded nanoparticles, a process
which is highly reminiscent of the “budding” process in cell membranes (Chapter 4). As a result
of this work, I determined how the clustering of nanoparticles embedded within the bilayers leads
to a unique morphology transition. The incorporation of SPIO nanoparticles in block copolymer
assemblies at various nanoparticle volume fractions resulted in morphologies spanning from
micelles to bilayer structures (Chapter 2).

This study demonstrates an unexpected, new

mechanism through which nanoparticles can dynamically affect the morphology of block
copolymer assemblies in water and the impact of nanoparticles on the overall behavior of
composite materials.
In addition to controlling nanoparticle/polymer hybrid structures, the size effect on the
structural parameters of radially-assembled magnetic nanoparticles in block-copolymer micelles
was studied (Chapter 3).

The resulting morphology of hybrid structures involving block

copolymers and nanoparticles does not simply involve polymer-polymer interactions.
Nanoparticles play an active role in determining both the initial and time-dependent morphology
of the assembled structure. For this reason, all interactions (polymer-polymer, nanoparticlenanoparticle, and nanoparticle-polymer) must be accounted for when assembling nanocomposites
involving block copolymers and nanoparticles.
Chapters 2 through 4 deal with how to control and characterize nanoparticle/polymer
hybrid structures, how to relate MRI contrast ability in two different micelle structures, and how
nanoparticles drastically change polymeric materials.
In the last four chapters (chapters 5-8), vesicle structures composed of both nanoparticles
and polymers, and of just nanoparticles are discussed. Importantly, chapters 5 and 6 discuss how
the addition of hydrophobic nanoparticles drastically modify the self-assembly behavior of
amphiphilic block copolymers and further elucidate how to control the morphology of
nanoparticle-encapsulating block copolymer assemblies. Note that while polymersomes have
been actively studied for drug delivery and imaging applications, most previous work on the selfassembly of amphiphilic block copolymers and magnetic nanoparticles were performed with
simple micelles or irregular polymer/nanoparticle aggregates due to the lack of understanding on
the self assembly behavior in the presence of nanoparticles and the resulting technical difficulties
in making nanoparticle-loaded polymersomes.
In addition to exploring polymersome assembly, this thesis also shows that the assembled
polymersomes have increased transverse relaxivity rates (r2). Transverse relaxivity rates are an
indication of how good a contrast agent is for MRI: the larger the value, the better the agent.
8

Note that the experimental r2 values are measured against iron concentration, and MRI contrast is
enhanced by nanocarriers that can deliver more SPIO nanoparticles to a targeted site. For
comparison, the magneto-polymersomes just described have a larger r2 value than previously
reported values for similar sized SPIO nanoparticles, including a clinically approved commercial
product (Ferucarbotran (Resovist): 186 mM-1s-1). Since these polymersomes are densely packed
with nanoparticles, they should perform as a highly sensitive T2 MRI contrast agent.
Chapter 7 explores the same theme as presented in chapters 5 and 6, but with the
modification that here the influence of quasi-hydrophobic nanoparticle on polymersome assembly
is discussed.

The effect of nanoparticle surface chemistry, relating back to Flory-Huggins

interaction parameters, is crucial when understanding how nanoparticles affect the co-assembly
procedure. Finally, in chapter 8, the quasi-hydrophobic particles used in polymersome assembly
self-assemble separately into vesicle structures without the presence of polymers. This result is
surprising because solution-phase assembly of nanoparticles is usually controlled by using
polymeric ligands. Here, the ligands used were typical thiol-terminated alkyl chains used in the
synthesis of the particles.
In summary, these past years have helped me to understand nanoparticle/polymer
interactions and use that knowledge in synthesizing new and exciting materials. These new
materials have the potential to be useful in the emerging area of nanomedicine. As one will see in
this thesis, I have shown that these materials have increased MRI contrast abilities. This is an
important step toward realizing multifunctional nanocarriers. A multifunctional nanocarrier that
can both image and deliver drugs to cells is an exciting step towards using nanotechnology in
medicine. Finally, as I benefited from the good work in this area that came before me, I hope that
future students can build upon my thesis results in their own work.
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Chapter 2: Assembly and Characterization of Nanoparticles/Polymer Nanocomposites in
Solution1,2

Morphology control of co-assembled nanoparticles and amphiphilic polymers is dictated by
solvent composition and polymer concentration. Three distinct structures were obtained by
controlling the solvent-nanoparticle and polymer-nanoparticle interactions: 1) polymersomes
densely packed with nanoparticles (magneto-polymersomes), 2) core/shell type polymer
assemblies where nanoparticles are radially arranged at the interface between the polymer core
and the shell (magneto-core/shell), and 3) polymer micelles where nanoparticles form onedimensional "strings" (magneto-micelles).

Bilayers were assembled at high polymer

concentrations and the incorporation of smaller iron oxide nanoparticles (Diameter = 4.1 nm).
These various nanocomposite structures were characterized using electron microscopy
techniques such as: conventional transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS), electron
energy loss spectroscopy (EELS), cryo-TEM, and electron tomography.

1

Reproduced in part with permission from Hickey, R. J.; Haynes, A. S.; Kikkawa, J. M.; Park, S.J. Journal of the American Chemical Society 2011, 133, 1517. Copyright 2011 American
Chemical Society.

2

Reproduced in part with permission from Hickey, R. J.; Sanchez-Gaytan, B. L.; Cui, W.;
Composto, R. J.; Fryd, M.; Wayland, B. B.; Park, S.-J. Small 2010, 6, 48. Copyright 2010 John
Wiley & Sons.
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2.1 Introduction
The incorporation of nanoparticles in polymer matrices offers a powerful and adaptable
tool for the fabrication of composite materials with desired optical, electrical, magnetic, and
mechanical properties.3-7

The self-assembly of nanoparticles and amphiphilic polymers has

shown to offer a convenient way to control the arrangement of nanoparticles in polymer films by
segregating nanoparticles into a favorably interacting polymer domain or at the interface between
two polymers.8-10

In solution phase, nanoparticle/polymer composite materials have been

prepared by combining various particles and polymers.11 However, general guidelines on how to
control the co-assembly structure in solution phase is at its primitive stages and the key factors
that govern the assembly processes are yet to be identified.
Of the various nanoparticles encapsulated into amphiphilic polymers, magnetic
nanoparticles have been extensively studied for a range of biomedical applications including
magnetic resonance imaging (MRI) and drug delivery.12-18 Synthetic methods for monodisperse
and stable magnetic nanoparticles have been well-established for organic phase oxide
nanoparticles of various compositions, which typically utilize end-modified long chain aliphatic
molecules such as oleic acids as surface binding agents.19-21 Researchers have used various
procedures to transfer the organic phase magnetic nanoparticles into water.22-36 These techniques
usually involve exchange of surface ligands,13,17,31 silica coating,22-25 or encapsulation of
hydrophobic nanoparticles in amphiphilic molecules such as small surfactants,35,37 lipids,32,34 and
amphiphilic polymers.24,26-30,33,36
Block copolymers are particularly promising synthetic tools due to their stability,
chemical diversity, controllable molecular weight, and useful mechanical properties.38-43
Researchers have shown that self-assembly of amphiphilic block copolymers and nanoparticles
offers a powerful route to the formation of multifunctional nanoparticles for imaging and drug
delivery applications.12,37,44 Specifically, research has shown that composite aggregates of
superparamagnetic nanoparticles and amphiphilic polymers exhibit increased contrast in MRI
when compared to single nanoparticles.27

For this reason, controlling the morphology of

solution-phase nanocomposites is crucial. For example, Taton and coworkers have demonstrated
that hydrophobic iron oxide nanoparticles can be solubilized into micelles of block copolymers
composed of polystyrene (PS) and poly(acrylic acid) (PAA), where the amount of nanoparticles
per micelle was controlled by varying the initial relative concentration of nanoparticles and
polymers.28 Gao and coworkers have encapsulated clusters of hydrophobic nanoparticles in the
core of block copolymer micelles.26 Their transverse relaxivity rate (r2) measurements revealed
15

that polymer micelles packed with nanoparticles can be used as highly sensitive magnetic
resonance probes. Berret and coworkers have prepared similar structures by mixing aqueous
phase nanoparticles and block copolymers.27 They further demonstrated that the r2 of composite
aggregates can be improved by increasing the size of nanoparticle clusters through the use of
longer polymers. Therefore, understanding how the nanocomposite morphology influences the
physical properties of the materials is one of the main goals in nanotechnology.
This second chapter explains how to control and characterize nanocomposite
morphologies.1

Specifically, four different nanocomposite morphologies, magneto-micelles,

magneto-core/shell assemblies, magneto-polymersomes, and bilayers, were assembled using slow
water addition and characterized using dynamic light scattering (DLS) and various electron
microscopy methods. The nanocomposite morphologies were controlled two ways; changing the
common solvent used to dissolve the polymer and the initial polymer concentration.

Two

different micelles were assembled, magneto-micelles and magneto-core/shell assemblies.
Magneto-micelles have nanoparticles arranged in a string-like fashion where magneto-core/shell
assembles have magnetic nanoparticles that are radially localized at the interface between the
polymer core and the shell.

Magneto-polymersomes have iron oxide nanoparticles densely

packed within vesicle wall. Finally, nanocomposite bilayers have nanoparticles sandwiched
between two polymer layers.
As previously stated, along with determining self-assembly guidelines for creating
nanocomposites with desired morphologies, characterizing these structures to confirm the
structure is important.

More specifically, determining nanoparticle arrangement within the

polymer matrix is crucial to correlating structure/properties relations.

Therefore, the work

presented in the second half of chapter 2 will discuss the techniques utilized for the
characterization of the assembled nanocomposites. Both electron microscopy and light scattering
techniques were used for characterization, but electron microscopy techniques will be discussed
heavily. The transmission electron microscopy (TEM) techniques used for characterization were,
conventional TEM, scanning transmission electron microscopy (STEM), energy dispersive X-ray
spectroscopy (EDS), electron energy loss spectroscopy (EELS), cryo-TEM, and electron
tomography. The combination of these TEM techniques has made it possible to fully characterize
these structures and aid in correlating structure/properties relations.

16

2.2 Experimental

2.2.1 Synthesis of Iron Oxide Nanoparticles
Two hydrophobic iron oxide nanoparticle syntheses were used in the research of this
thesis. Both syntheses were decomposition reactions with the use of high boiling point solvents.
The major difference between the two reactions are the organometallic precursors (Fe(III)
acetylacetonate (Fe(acac)3) and iron oleate (Fe-oleate)), solvents (diphenyl ether (B.P. ~265 oC)
and 1-octadecene (B.P. ~320 oC), and ligands. In the case of the ligands, the Fe(acac)3 synthesis
uses a mixture of oleylamine/oleic acid and the Fe-oleate synthesis uses oleic acid. Finally,
nanoparticles synthesized using Fe(acac)3 have an average diameter of 4 nm and nanoparticles
synthesized using Fe-oleate have an average diameter of 12 nm
The work involving bilayer formation used nanoparticles synthesized from the Fe(acac)3
precursor. The rest of the work uses nanoparticles synthesized from the Fe-oleate precursor.

2.2.1a Using the Fe(acac)3 Precursor
Iron oxide nanoparticles were synthesized using oleic acid (OA) and oleylamine as
stabilizing agents following a modified literature method.45 In a typical experiment, 0.71 g of
iron(III) acetylacetonate, 2.58 g of 1,2-hexadecanediol, and 1.69 g of oleic acid were added to a
two-neck 100 mL round bottom flask with 14/20 necks. Measure out 2 mL of oleylamine and 20
mL of diphenyl ether. Add these two chemicals to the two-neck 100 mL round bottom flask with
14/20 necks. Assemble the reaction flask and connect it to the Schlenk line. Add the magnetic
stir bar to the round bottom flask. First attach the glass condenser to the round bottom flask, and
then the 90o angle adapter to the glass condenser. Attach the thermocouple with a 14/20 joint
adapter to the other neck of the round bottom flask. Secure the round bottom flask within the
heating mantle on the magnetic stirrer by using metal clamps. Connect both the thermocouple
and the heating mantle to the heating controller using the connector cords. Connect the secured
reaction flask, assembled with the heating apparatus, to the Schlenk line. To make sure the
reaction proceeds under the inert condition without water and oxygen, evacuate the round bottom
flask and refill it with nitrogen. This is done three times. Next, turn on the heating controller and
set the temperature to 200 oC. Heat the reaction flask to 200 oC and hold it at that temperature
for 30 minutes. After 30 minutes, increase the temperature to 265 oC. Hold at 265 oC for another
30 minutes. After 30 minutes, cool the reaction to room temperature by detaching the heating
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mantle from the heating controller and removing the round bottom flask from the heating mantle.
Once the temperature goes down to room temperature, close the nitrogen gas valve and pour the
reaction mixture into two 50 mL centrifuge tubes in equal amounts. The reaction mixture should
be dark-brown and cloudy. Add 35 mL of acetone to each centrifuge tube and centrifuge at 8000
rpm for 10 minutes. Decant the supernatant and keep the brown precipitate in the centrifuge
tubes. The brown precipitate is the iron oxide nanoparticles. Add 5 mL of hexane to each
centrifuge tube to redisperse the particles. Repeat the washing steps three to four times or until
the supernatant is clear and colorless. After the last centrifugation step, air dry the particle in the
hood for 30 minutes and redisperse the particles in 5 mL of chloroform for a total of 10 mL
particles. Characterize the particles with TEM. To prepare the TEM sample, place a single
droplet of nanoparticle solution to the grid using a glass pipette. The diameter of nanoparticles
was determined to be 4.1 ± 0.5 nm by TEM.

If the particles are polydisperse, selective

precipitation will help narrow the size distribution. To do this, add just enough acetone to the
hexane mixture until the cloudiness is consistent. Repeat the cleaning and centrifugation steps
until the particle size is of desirable size distribution.

2.2.1b Using the Fe-Oleate Precursor
The synthesis of oleic acid stabilized iron oxide nanoparticles is a two step reaction;
synthesizing the Fe-oleate complex and then decomposing the metal oleate complex in a high
boiling temperature solvent.21
Fe-Oleate Complex Synthesis
The iron-oleate was synthesized in a 100 mL flask by dissolving 1.5 g of iron chloride
(FeCl3·6H2O, 5.5 mmol, Aldrich, 97%) and 5.2 g of sodium oleate (17 mmol, TCI, 95%) in 20
mL of hexane, 11.5 mL of ethanol, and 8.8 mL of distilled water. The solution was heated to
reflux (~70 oC) and kept at that temperature for four hours using an oil bath. After the four hours,
the upper organic layer was washed three times with 30 mL of water and separated by
centrifugation. After washing, the hexane was evaporated from the dark brown organic layer by
rotor evaporation and kept in the hood over night (~ 12 hours).
Synthesis of Iron Oxide Nanoparticles
The synthesis of iron oxide nanoparticles involved reacting 5.5 g of Fe-oleate and 1.5 g
of oleic acid (5.3 mmol, Aldrich, 90%) in 31 g of 1-octadecene (Aldrich, 90%) in a two-neck 100
mL round-bottom flack.

The reaction mixture was heated to 320 oC at a rate of 200
18
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C/hour, and kept at that temperature for 30 minutes. The resulting solution was cooled to room

temperature and washed three times with acetone. After each acetone addition, the product was
centrifuged for 10 minutes at 8,000 rpm and redissolved in hexane. After the final washing step,
the nanoparticles were dissolved in chloroform (10 mL) and centrifuged at low speed (3,000 rpm,
5 min) to remove nanoparticle aggregates.

Finally, chloroform was evaporated off and

nanoparticles were weighed and redissolved in THF (5 mg/mL) for use in polymer assembly.
The thermogravimetric analysis (TGA) revealed that the weight percent of the iron oxide core in
the dried sample was 40 %; the remaining 60 % was oleic acid. After the final purification, the
yield of nanoparticle synthesis was determined to be 38 %.

2.2.2 Synthesis of Nanoparticle/Block Copolymer Assemblies
For all co-assembly procedures, the slow water addition method was used. Therefore, all
polymers are dissolved in either N,N-dimethylformamide (DMF), tetrahydrofuran (THF), or 1,4
Dioxane (dioxane). All nanoparticles used were dissolved in THF, but chloroform and toluene
worked equally as well in the co-assembly procedures. For all experiments, THF (Fisher) used in
the self-assembly was purified by distillation, and DMF (Fisher) and dioxane (1,4-Dioxane,
99.8%, extra dry, AcroSeal, Acros Organics) were used without further purification.

2.2.2a Magneto-Micelles
For magneto-micelles, 5.6 nm magnetic particles and PAA38-PS154 were self-assembled
by the slow addition of water to the mixture of nanoparticles and polymers dispersed in THF. In
typical experiments, the THF solution of 5.6 nm particles (50 µL of a 2.0 mg/mL) was mixed
with a THF solution of PAA38-b-PS154 (500 µL, 1.1 mg/mL) for the nanoparticle mass percent of
15.9 %. Then, the total volume of the nanoparticle/polymer mixture was adjusted to a constant
volume of 1.55 mL by adding additional THF. While stirring, water (600 μL) was slowly added
(10 μL per 30 s) to the mixture of nanoparticles and block copolymers. The mixture was kept
under stirring for 15 hours before adding additional water (1.5 mL) over 15 minutes. Then, the
sample was dialyzed against water for 24 hours, and concentrated by centrifugation (14,000 rpm,
30 min.). After centrifugation, the assemblies were redispersed in 200 μL of deionized water. At
the nanoparticle mass percents used in this study, the yields of nanoparticle-encapsulated polymer
assemblies were high (close to 100 %) without noticeable precipitation of macroscopic aggregates
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of nanoparticles and polymers. For all experiments, nanoparticle mass percent was adjusted by
changing the amount of nanoparticles while keeping the polymer concentration constant. The
mass percent of nanoparticles is defined by 100 times the mass of the dried nanoparticle sample
(i.e., iron oxide core and surfactants) over the combined mass of dried nanoparticle sample and
polymers.

2.2.2b Magneto-Core/Shell Assemblies
The same procedure for assembling magneto-micelles was used for magneto-core/shell
assemblies. The difference was the solvent mixture. The mixture consisted of nanoparticles and
polymers dispersed a mixture of DMF/THF (DMF/THF mixture (96.8 vol% DMF: 3.2 vol%).

2.2.2c Polymer Vesicles (Magneto-Polymersomes)
The same procedure for assembling magneto-micelles was used for magnetopolymersomes. The difference was the solvent mixture. The mixture consisted of nanoparticles
and polymers dispersed a mixture of dioxane/THF (96.8% dioxane).

2.2.2d Bilayers
Co-assemblies of iron oxide nanoparticles and block copolymers were prepared by the
slow addition of water to a mixture of DMF/chloroform (98 vol% DMF: 2 vol% chloroform, 1.55
mL). In typical experiments, the chloroform solution of nanoparticles (50 µL of a 7.6 mg/mL)
was mixed with a DMF solution of PAA18-PS128 (3.0 mg/mL). The amount of polymer solution
mixed with nanoparticles was varied (0.05 – 0.40 mg/mL) in order to adjust the nanoparticle
weight percent. For co-assembly conditions using 1.5 ml of a 0.40 mg/mL polymer solution, the
overall polymer concentration in 1.5 mL of DMF is 0.04 weight percent. Then, the total volume
of the particle/polymer mixture was adjusted to a constant volume (1.55 mL) by adding additional
DMF. While stirring, water (300 μL) was slowly added (10 μL per 30 s) to the mixture of
nanoparticles and block copolymers. The mixture was kept under stirring for 15 hours before
adding additional water (1.5 mL) over 15 minutes. Then, the samples were dialyzed against
water for 24 hours, and further purified by a series of centrifugations. The samples were
centrifuged at a low speed (7,000 rpm, 10 min) first to remove large aggregates of BCP and
subsequently at a higher speed (16,000 rpm, 1 hour) to collect precipitates of isolated assemblies.
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The weight percent of nanoparticles is defined by the total weight of nanoparticles over the
combined weight of nanoparticles and polymers then multiplied by 100.

2.3 Morphology Dependence of Nanocomposites
In this section, control over nanocomposite morphology is discussed. The structures,
micelles, core/shell micelles, polymersomes, and bilayers, and properties will be discussed in
more detail in the following chapters.

Here, the specifics of assembling the various

nanocomposite morphologies, solvent compositions (2.3.1) and polymer concentrations (2.3.2),
will be discussed.

2.3.1 Solvent Effect and Geometric Considerations on Co-Assembly
The oleic acid-stabilized iron oxide nanoparticles (diameter: 5.6 ± 0.5 nm) were prepared
by a modified literature procedure as stated in the experimental section.21 The synthesized
magnetic nanoparticles were self-assembled with a prototypical amphiphilic block copolymer of
PAA-PS without further surface modifications. For all experiments, self-assembly was carried
out by the co-solvent method (Figure 2.1). Briefly, block copolymers and nanoparticles were
first mixed in a co-solvent. Then, 600 µL of water was slowly added to the solution at the rate of
10 µL/30 sec for 30 min to induce the self-assembly of block copolymers and nanoparticles. The
resulting co-assemblies were dispersed in water by dialysis and centrifugation.
To examine the solvent effect on the self-assembly structure, three different solvents
DMF, THF or dioxane were used to dissolve polymers (PAA38-PS154) (Figure 2.2).

The

polymers dissolved in three different solvents (1500 µL) were mixed with nanoparticles (5.6 nm
iron oxide particles) dispersed in small amount of THF (50 µL). For all three samples, the
nanoparticle mass percent was kept constant at 15.9 %. Figure 2.2 presents TEM images of three
distinct morphologies obtained with the different solvent systems. The compositions of the cosolvents before the water addition were DMF/THF mixture (96.8 vol% DMF), THF (100% THF),
and dioxane/THF mixture (96.8 vol% dioxane) for the assemblies presented in Figure 2.2a, 2.2b,
and 2.2c, respectively.

As our group previously reported, radial nanoparticle assemblies

(magneto-core/shell assemblies) were formed in DMF/THF (96.8 vol% DMF) (Figure 2.1a,
2.2a).46 The magneto-core/shell structure is composed of a polymer core, a polymer shell, and a
monolayer of magnetic nanoparticles entrapped at the interface between the polymer core and the
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Figure 2.1. Self-assembly of nanoparticles and block copolymers.

(a) Magneto-core/shell

assemblies formed when DMF/THF mixture (96.8 % DMF) was used as the initial solvent for
polymers and nanoparticles.

(b) Magneto-micelles assembled in THF.

polymersomes assembled in dioxane/THF (96.8 % dioxane).
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(c) Magneto-

shell. The polymer core is composed of one or multiple reverse micelles, and the nanoparticledecorated polymer core is stabilized in water by the polymer shell, which consists of a layer of
block copolymers. The polymer morphology in magneto-core/shell assemblies resembles that of
large compound micelles reported by Eisenberg and coworkers,47 except that the core/shell
structure encapsulating nanoparticles possesses fairly narrow polydispersity (8.5 % by DLS)
while large compound micelles typically have very broad size distributions.47 When THF was
used as an initial solvent, nanoparticle-loaded polymer micelles (magneto-micelles) were
obtained as reported by Taton and coworkers (Figure 2b).28

In this structure, iron oxide

nanoparticles were homogeneously distributed in the polymer matrix. The DLS data presented in
Figure 2d showed that the magneto-micelles (Figure 2.2b) and magneto-core/shell assemblies
(Figure 2.2a) possess similar size and size distributions. When dioxane/THF (96.8% dioxane)
was used as an initial solvent, a mixture of magneto-micelles and magneto-polymersomes were
obtained (Figure 2c). Consistent with the TEM result, the DLS data for the dioxane sample
exhibited a dual distribution; the two peaks at 166 ± 18 nm and 408 ± 46 nm were assigned for
magneto-micelles (blue arrow) and magneto-polymersomes (red arrow), respectively.
The self-assembled structure of PAA-PS (PAA38-PS154 and PAA38-PS189) formed without
nanoparticles were micelles, micelles, and vesicles for DMF/THF (96.8% DMF), THF, and
dioxane/THF (96.8% dioxane), respectively, which are consistent with the previously reported
results.48

It is well-known that the solvent-polymer interaction is an important factor that

determines the self-assembly structure of amphiphilic block copolymers.48 Extensive studies by
Eisenberg and coworkers48 showed that the degree of stretching for PS is the greatest in THF and
the smallest in DMF (THF>Dioxane>DMF) as predicted from the solubility parameters (δ)
(Table 2.1) and observed in the experimental data.48 Both the solubility parameters and the
dielectric constant of solvents should be considered for a charged polymer, PAA. The dielectric
constants listed in Table 2.1 predict that the average surface area per corona chain (Ac) is the
greatest in DMF and the smallest in dioxane due to the charge repulsion between PAA strands in
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Figure 2.2. Various morphologies of nanoparticle-encapsulating block copolymer assemblies
formed in three different solvent systems with 5.6 nm particles and PAA38-PS154 at the
nanoparticle mass percent of 15.9 %. Same types of morphologies were observed for PAA38PS154 and PAA38-PS189. (a) A TEM image of magneto-core shell assemblies formed when
DMF/THF (96.8 vol % DMF) was used as the initial solvent for polymers and nanoparticles. (b)
A TEM image of magneto-micelles assembled with THF as the initial solvent. (c) A TEM image
of co-assemblies formed with dioxane/THF (96.8 vol % dioxane) as the initial solvent, showing
that both magneto-micelles (blue arrow) and magneto-polymersomes (red arrow) were formed.
(d) DLS data for the assemblies formed with three different solvents. The diameters of the
assemblies were measured to be 164 ± 14 nm and 142 ± 11 nm for DMF and THF samples,
respectively. The dioxane sample was composed of two species, magneto-micelles (blue arrow)
and magneto-polymersomes (red arrow).

The size of magneto-micelles and magneto-

polymersomes were measured to be 166 ± 18 nm and 408 ± 46 nm.
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Table 2.1. Physical parameters for solvents and polymers. The solubility parameters of oleic
acid, PS, acrylic acid, and water are 15.8, 16.6-20.2, 24.6, and 80.1, respectively.49

Solubility parameter
(δ) ([MPa]1/2)
Dielectric constant (ε)

DMF

THF

Dioxane

24.8

18.6

20.5

38.2

8.5

2.2

Micelle

Micelle

Vesicle

Polymer geometry*

Polymer morphology
without
nanoparticles*

*They are experimentally observed morphologies for PAA38-PS154 formed at a polymer
concentration of 0.1 wt % in three different solvents, 96.8 % DMF containing a small amount of
THF, 100% THF, and dioxane containing a small amount of THF. The small amount of THF was
added to DMF and dioxane to match the experimental conditions with the assemblies formed with
nanoparticles, which are presented in Figure 2.2. The small amount of THF (3.2 vol%) did not
affect the morphologies.
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a high dielectric medium. Thus, the degree of PAA chain stretching is the largest in dioxane.48
Consequently, the relative volume taken up by PAA becomes the largest in DMF and the smallest
in dioxane (DMF>THF>dioxane), which explains the formation of micelles in DMF and THF
and vesicles in dioxane without nanoparticles.48

Thus, when nanoparticles are passively

incorporated, it is expected to form magneto-micelles in THF and magneto-polymersomes in
dioxane. The TEM and DLS data presented in Figure 2.2 show that the expected structures were
indeed formed in THF and dioxane/THF (96.8% dioxane). However, it is important to note that
magneto-polymersomes were not the major product of the dioxane sample. The polymersome
peak of the DLS data presented in Figure 2.2 appears to be substantial only because bigger
polymersomes scatter light more strongly than smaller micelles. When the DLS data shown in
Figure 2.2 was converted into the number distribution, the vesicle population was rather small.
Also note that unique radial assemblies were formed instead of typical micelles when DMF/THF
(96.8% DMF) was used as the initial solvent. These results underscore that it is important to
consider the effect of nanoparticles on the self-assembly formation in order to obtain the hybrid
particle with the desired structure and properties.

2.3.2 Polymer Concentration Effect on Co-Assembly
Various self-assembled structures of 4.1 nm particles and PAA18-PS128 were prepared at a
series of different nanoparticle weight percent (wt%) as shown in TEM images presented in
Figure 2.3.

Iron oxide nanoparticles (4.1 ± 0.5 nm in diameter) were synthesized using

oleylamine/oleic acid as stabilizing agents following a modified literature method,45 and used
without further surface functionalization. In a typical experiment, particles and polymers were
first mixed in a co-solvent (mixture of 98 % DMF and 2% chloroform) under stirring. To induce
the self-assembly of the two components, water, which is a poor solvent for PS and iron oxide
nanoparticles, was slowly added to the mixture. The sample was then dialyzed against water for
24 hours and redispersed in water by centrifugation. The nanoparticle weight percent was
controlled by varying the concentration of polymers (0.05 – 0.39 mg/mL) while keeping the
particle concentration constant (50 µL of a 7.6 mg/mL).
As presented in Figure 2.3, two distinct morphologies (i.e., spherical micelles and
bilayers) were formed depending on the nanoparticle weight percent. At low nanoparticle weight
percents, (wt% ≤ 56 %), bilayer structures and spherical assemblies were coexistent (Figure
2.3a,b). The embedded nanoparticles in the polymer bilayers are clearly visible in high
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Figure 2.3. Morphologies of nanoparticle/polymer assemblies formed at different nanoparticle
weight percents (wt%), wt% = 39 % (a), wt% = 56 % (b), wt% = 72 % (c), wt% = 84 % (d), with
the corresponding scheme depicting the observed trend. Scale bars are 100 nm.
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Figure 2.4. Polymer concentration effect on the morphology of nanoparticle/polymer assemblies.
At a polymer concentration of 0.39 mg/mL, polymer bilayers form.

With the addition of

nanoparticles (wt% = 39 %) to bilayer-forming polymers, 4.1 nm particle passively incorporate
into the polymer. Scale bars are 200 nm.
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magnification images (inset of Figure 2.3). At high nanoparticle weight percent, (wt% ≥ 72 %),
spherical assemblies of nanoparticles and polymers were predominant (Figure 2.3c,d). A scheme
depicting the morphological trend as a function of wt% is presented in the bottom of Figure 2.3.
The number of bilayers over spherical micelles as well as the size of individual bilayers increased
with decreasing wt% (Figure 2.3). At a nanoparticle weight percent of 56 %, sub-micrometer
sized bilayer structures were formed with an average diameter of 500 ± 460 nm. A further
decrease in nanoparticle weight percent of 39 % resulted in a few micrometer sized bilayer with
an average diameter of 1.3 ± 1.1 μm. The nanoparticle distribution in spherical micelles varies
with wt% as well. For wt% ≤ 56 %, nanoparticles form a cavity-like structure inside spherical
polymer assemblies (Figure 2.3), which was previously reported for CdSe quantum dots.50 At
wt% = 72 %, nanoparticles tend to occupy the core of the spherical micelles (Figure 2.3). As the
nanoparticle weight percent increases further (wt% = 84 %), nanoparticles pack rather uniformly
throughout the micelles (Figure 2.3).
Initial polymer concentration influences the morphology of amphiphilic copolymer
systems in solution-phase.

The concentration effects of block copolymers are due to the

aggregation number (Nagg), which is a function of the polymer concentration (C) and the critical
micelle concentration (cmc).51 Solution-phase observations of PAA-PS copolymers show that for
micelle forming polymers, the core radius increases as the polymer concentration increases.51
Here we used the same polymer dynamics but incorporated iron oxide nanoparticles. At a
polymer concentration of 0.39 mg/mL, polymer bilayers form without nanoparticles (Figure 2.4).
With the addition of 4.1 nm particles, the particles passively incorporate into the bilayers (Figure
2.4). As stated previously, as the polymer concentration decreases, more spherical composite
structures are produced.

Therefore, for smaller particles (4.1 nm), polymer concentration

influences the composite structure.

2.4 Electron Microscopy Characterization of Composite Morphologies
Electron microscopy has become an essential technique for nanoscale characterization of
materials and devices.52 TEM microscopes are composed of an electron gun, electromagnetic
lenses, a sample holder and a fluorescent viewing screen. The electron beam produced from the
electron gun is directed through the TEM column by using electromagnetic lenses. Once the
beam is aligned, it is transmitted through the sample and the exiting beam is imaged using either
the viewing screen or a CCD camera.
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Electrons have much shorter wavelength than visible light.

One can calculate the

wavelength of electrons using the de Broglie equation, λ = h/p, where λ is the wavelength of
light, h is Plank’s constant, and p is the momentum. Thus, use of an electron beam makes it
possible to look at very small objects (nanometer scale), which you cannot see using optical
microscopes. Since the beginning of the first commercial electron microscope 70 years ago, the
resolution has improved to roughly 0.1 nm.52
In this section, electron microscopy imaging and analytical techniques will be reviewed.
In combination of reviewing the various techniques, direct examples of electron microscopy from
the thesis research will be given. Throughout this thesis work, electron microscopy has been
heavily used for characterization and therefore, highlighting its usefulness with examples will
give readers perspective.

2.4.1 Conventional TEM and STEM
Conventional TEM uses a collimated electron beam that irradiates the sample
continuously. Conventional TEM is useful for simple imaging of nanoscale objects. STEM on
the other hand uses a focused electron beam. The diameter of the focused electron beam on the
sample is called the spot size. To image using STEM, the focused electron beam scans the
sample quickly or known as rastering, and the transmitted electrons are imaged like conventional
TEM.52 Figure 2.2, 2.3, and 2.4 were all taken using conventional TEM.
TEM is also useful for electron diffraction. Due to the wave like properties of an
electron, electrons interact with crystalline materials similarly to X-rays. Therefore, electron
diffraction is used in a similar manner as X-ray diffraction. As a result, the Bragg equation can
be used to determine atom arrangement in various materials. The diffraction pattern has the
characteristic concentric circular rings observed for polycrystalline materials. To characterize the
lattice spacing of the diffraction pattern, the radius of the circles and the camera constant are
needed.52
TEM is also useful for analytical techniques. A few of the most common techniques are
EDS, EELS, and energy filtered TEM (EFTEM). These techniques involve electronic transitions
within the atomic energy levels of the atoms in the sample.52 Examples of both EDS and EELS
will be discussed in detail in the next sections.
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Figure 2.5. Structural characterization of three different self-assembly structures. STEM images
and Fe intensity line scans for (a) magneto-core shell assemblies formed in DMF/THF (96.8 %
DMF), (b) magneto-micelles formed in THF, (c) magneto-polymersomes formed in dioxane/THF
(96.8 % dioxane), and (d) magneto-micelles formed in dioxane/THF (96.8 % dioxane). The
assemblies were prepared with PAA38-PS189 at the polymer concentration of 0.04 wt % and a
nanoparticle mass percent of 27.1 %. The self-assembled structures are pictorially described
below the EDS data, where light gray lines, dark gray lines, and red dots represent PAA, PS, and
nanoparticles, respectively.
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Figure 2.6. Fe intensity line scan obtained by the energy dispersive x-ray spectroscopy for
magneto-core shell assemblies (a-d) and magneto-polymersomes (e-h) formed with 5.6 nm
particles and PAA38-b-PS189 (0.04 wt %) at the nanoparticle mass percent of 27.1 %. (a) A brightfield STEM image of magneto-core shell assembly. (b) Fe intensity line scan of the magnetocore shell assembly. The two peaks at the left side (c) and the right side (d) of the line scan were
fitted with a Gaussian function. The full width at half maximum (FWHM) was determined to be
17.0 ± 4.8 nm from the fitting. (e) A bright-field STEM image of a mixture of magnetopolymersomes. (f) Fe intensity line scan across three magneto-polymersomes. The two peaks at
the left side (g) and the right side (h) of the line scan were fitted with a Gaussian function. The
FWHM was determined to be 59.8 ± 9.3 nm from the fitting.
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2.4.2 Energy Dispersive X-Ray Spectroscopy (EDS)
In STEM, the focused beam can selectively irradiate an area of your sample. Therefore,
analytical techniques for nanoscale characterization are possible. When the incident electron
beam is at a high enough energy to eject core electrons from either K- or L- orbitals, valence
electrons relax to the empty core orbitals. During the relaxation process, an X-ray is emitted.
The energy of the emitted X-ray is elementally sensitive. Therefore, the process of detecting the
emitted X-ray is EDS.52
In the work presented in this thesis, EDS has been essential in characterizing the
nanoparticle/polymer assemblies produced. For example, in Figure 2.5, the arrangement of
nanoparticles in the three different structures (magneto-micelles, magneto-core/shell assemblies,
and magneto-polymersomes) were further examined by EDS (Figure 2.5). The Fe intensity line
scan of magneto-core/shell structure showed higher iron intensities at the spherical interface
between the polymer core and the shell, confirming the radial arrangement of nanoparticles
(Figure 2.5a). Note that nanoparticles appear to be in the core part in the TEM image (Figure
2.5a) only because TEM images are two-dimensional projections of three-dimensional objects.
The dark contrast at the spherical interface is indicative of selective accumulation of
nanoparticles at the spherical interface. On the contrary, the Fe line scan of the THF sample
(magneto-micelles) exhibited a Gaussian curve, which indicates that nanoparticles are
homogeneously distributed in the polymer matrix (Figure 2.5b). The magneto-micelles found in
the dioxane sample showed the similar Fe intensity profile (Figure 2.5d). As expected, magnetopolymersomes in the same dioxane sample exhibited high Fe intensities in the polymersome wall
due to the hollow structure (Figure 2.5c).

The overall Fe intensity profile of magneto-

polymersomes was similar to that of magneto-core/shell assemblies. However, the Fe intensity
peak of magneto-core/shell assemblies was sharper than that of magneto-polymersomes with full
width at half maximum of 17.0 ± 4.8 nm and 59.8 ± 9.3 nm for core/shell and polymersomes,
respectively (Figure 2.6). This result is consistent with the TEM observations that nanoparticles
form a monolayer in magneto-core/shell assemblies while in magneto-polymersomes
nanoparticles are distributed throughout the polymer wall. The structures of the three distinct
assemblies are pictorially described below the EDS data in Figure 2.5.
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Figure 2.7. STEM image with corresponding EELS characterization of a magneto-core/shell
assembly with 8.8 nm iron oxide particles (diameter) and PAA14-PS250. The corresponding EELS
line scan analysis used the carbon-K and iron-L absorption edges.
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Figure 2.8.

Relative height analyses of spherical micelles and bilayers probed by EELS,

confirming the planar nature of bilayers and spherical shape of nanoparticle/polymer micelles.
STEM images (top) and relative height profiles (bottom) for spherical micelles (a) and a bilayer
(b). Scale bars 100 nm.
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2.4.3 Electron Energy Loss Spectroscopy (EELS)
In contrast to EDS, EELS records the energy lost of the transmitted electron beam after
inelastic scattering, or ejection of core electrons. The removal of core electrons by the incident
beam causes energy transfer from the electron beam to the core electrons. Therefore, the detector
records the resulting energy, which correlates to specific elements. In addition to EELS, there is
a two-dimensional viewing mode that only records a certain range of electron energies called
energy filtered TEM (EFTEM).52
Two EELS techniques were used to characterize composite structures. First, elemental
line scans were used to determine the nanoparticle arrangement and if there are polymers in the
core of magneto-core/shell assemblies. As in the EDS spectrum of Figure 2.5, both the carbon-K
and iron-L EELS line profile indicate that the iron oxide nanoparticles are aligned around a
reverse micelle or micelles and coated with a polymer shell (Figure 2.7).
The second EELS technique used to characterize the composite structures was relative
height analysis. The relative height analysis uses the ratio between the area under the EELS peak
(It) to the area under the zero loss peak (Io). The relative thickness is calculated using the
equation t/λ = ln(It / Io) where t is the thickness of the sample and λ is the mean free path of the
material. The mean free path of the material changes with how the electron beam interacts with
the material. The larger the λ value, the larger the inelastic cross section for the material.52
Because the structures analyzed here are composite structures, the relative height for the materials
was determined. For materials with known λ values, absolute height determination is possible.
Therefore, the morphologies of the two distinct types of nanoparticle/polymer assemblies (i.e.,
bilayers and spherical micelles) were further characterized by EELS (Figure 2.8). The relative
height analysis profiles presented in Figure 2.8 confirm the planar nature of the bilayer structure
and the spherical shape of the micelles. Also, note that bilayer structures show a lower electron
scattering intensity maximum than spherical micelles because the thickness of bilayers is about a
half of the diameter of spherical micelles.

2.4.4 Cryogenic TEM (Cryo-TEM)
Cryo-TEM is useful for determining solution-phase morphologies, specifically for soft
materials that change morphologies upon drying. The reason cryo-TEM is useful in determining
solution-phase morphologies because the samples are vitrified directly from solution on the TEM
grid. Vitrified water is glassy water. Therefore, water crystals do not form and obstruct sample
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imaging. Cryo-TEM samples were prepared using lacey carbon grids stabilized with Formvar
(200 mesh, Ted Pella, part number 01890-F). Initially, the grids were prepared by removing the
Formvar coating by submerging the grids in chloroform (30 sec) and drying. After drying, the
copper side of the grid was coated with carbon using a Quorum Q150T ES. After the carbon
coating, both sides of the grid were cleaned (15 sec) using a plasma cleaner (Gatan, Solarus
Advanced Plasma System Model 950) in the presence of hydrogen and oxygen gas. Then, 2 µL
of sample were applied to the grid and blotted away. After 4-6 seconds of the initial plotting of
the sample, the grid was rapidly plunged into liquid ethane (Plunger station: Gatan Cp3) and then
transferred to a liquid nitrogen cooled cryo-TEM holder (Gatan CT3500TR) for imaging. CryoTEM images were taken using a JEOL 2010.
For the work presented in this thesis, cryo-TEM has helped significantly in confirming
the magneto-polymersome structure (Figure 2.9). When larger iron oxide nanoparticles (19.9
nm) are used in the co-assembly procedure, the polymersome structure ruptures during
conventional TEM imaging. With cryo-TEM, the vesicle structure is maintained. As seen in
Figure 2.9d, the TEM image of the vesicles is hard to characterize. In the cryo-TEM images of
Figure 2.9e and 2.9f, the vesicle structure is maintained. In the following chapters, cryo-TEM
will prove to be crucial in determining various structures.

2.4.5 Electron Tomography
Electron tomography is a three-dimensional tomographic technique.

The three-

dimensional image is created by imaging the sample at numerous angles and reconstructing.
Currently, the resolution for electron tomography has reach 0.24 nm.53 This work involved
imaging 10 nm gold particles. In the work presented here, tomographic imaging confirmed the
internal structure of composite structures, magneto-micelles, magneto-core/shell assemblies, and
magneto-polymersomes (Figure 2.10, 2.11, and 2.12).
The self-assembled magneto-core/shell assemblies has a unique three layered structure
composed of polymer core, polymer shell, and nanoparticles embedded in-between the polymer
core and the shell as described above (Figure 2.10). Figure 2.10 presents a series of .14 nm thick
X-Y computational slices (Figure 2.10a.i-vii) of the three-dimensional (3-D) tomographic
volume containing a magneto-core/shell nanoparticle assembly. From the 3-D surface rendering
of the tomographic volume of the micelle, it is clearly observed that the particles decorate a
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Figure 2.9. Comparison of conventional and cryo-TEM images for magneto-polymersomes. (ac) Conventional TEM (a) and cryo-TEM (b) and cryo-STEM (c) images of magnetopolymersomes assembled with 10.8 nm particles. Blue and red arrows indicate polymersomes
and micelles, respectively. (d-f) Conventional TEM (d), cryo-TEM (e), and cryo-STEM (f)
images of magneto-polymersomes assembled with 19.9 nm particles.
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Figure 2.10. (a) 0.14 nm thick X-Y computational slices (i-vii) of the 3-D tomographic volume
containing a magneto-core/shell nanoparticle assembly, shown in every 40 slices (rNP = 2.8 nm)
through the volume. (b) 3-D surface rendering of the tomographic volume. Scale bar, 100 nm
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Figure 2.11. (a) 0.14 nm thick X-Y computational slices (i-viii) of the 3-D tomographic volume
containing a magneto-micelle nanoparticle assembly using rNP = 2.8 nm, shown in every 40 slices
(5.6 nm per slice) through the volume. (b) Three orthogonal slices XY, YZ, and XZ through the
tomogram with their orientations indicated in the cartoon (top right). (c) 3-D surface rendering of
the tomographic volume,

colored red to blue according to the radial position from the center.

Scale bar, 50 nm.
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reverse micelle as a two-dimensional (2-D) aggregate and are coated with a polymer layer. At
roughly the half-way slicing point of the magneto-core/shell micelle (Figure 2.10a.iv), a “ring”
of nanoparticles is observed.

The nanoparticle “ring” is consistent of a monolayer of

nanoparticles decorating the reverse micelle in the core. In addition, no contrast differences are
observed within the core of the micelle which indicates that the core is filled with polymer, and
assembled as a reverse micelle. The 3-D surface rendering of the topographic volume (Figure
2.10b) also confirms the radially arranged micelles of the magneto-core/shell assembly. As for
magneto-micelles, tomographic imaging revealed that particles align into “strings” (Figure 2.11).
The "string" formation would not be observable without electron tomography. As seen in Figure
2.5b, the nanoparticles aligned as "strings" was not observable by STEM or EDS. As for Figure
2.11a.ii, a "string" of nanoparticles is confirmed. The contents of Chapter 3 will elaborate more
thoroughly on the internal structure of magneto-micelles and magneto-core/shell assemblies.
Finally, TEM tomography confirmed the hollow structure of polymersomes. Magnetopolymersomes assembled with 10.8 nm particles were imaged using TEM tomography, which
visualized the location of nanoparticles in three-dimensions (Figure 2.12). At roughly the halfway slicing through the vesicle (Figure 2.12a.v), a clear polymer edge is seen on both sides
surrounding the nanoparticle shells in both vesicles shown in the image. The nanoparticle shell is
made of 1-3 layers of particles for the particular sample. The 3-D surface rendering of the
topographic volume (Figure 2.12b) also confirms the vesicular structure with nanoparticles
located in the vesicle wall.

2.5 Conclusions
This chapter discusses how to control and characterize nanocomposite morphologies.
Nanocomposite morphologies were controlled by either solvents or polymer concentrations.
Also, numerous electron microscopy techniques were used to characterize these structures.
Overall, this thesis chapter highlights how nanoparticles affect the self-assembly structure
of a prototypical amphiphilic polymer of PAA-PS. Three distinct assembly structures were
obtained by controlling the solvent-nanoparticle and polymer-nanoparticle interactions: 1)
polymersomes where nanoparticles are packed in the wall (magneto-polymersomes), 2) core-shell
type polymer assemblies where nanoparticles are radially arranged at the interface between the
polymer core and the shell (magneto-core shell), and 3) polymer micelles where nanoparticles are
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Figure 2.12. TEM tomography of magneto-polymersomes assembled with 10.8 nm iron oxide
particles. (a) 0.23 nm thick X-Y computational slices (i-ix) of the 3-D tomographic volume
containing magneto-polymersomes, shown in every 60 slices (13.8 nm) through the volume. (b)
3-D surface rendering of the tomographic volume, viewed from side (i), bottom (ii) and as a slab
(iii). Scale bar, 200 nm.
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aligned as "strings" in the polymer matrix (magneto-micelles).1

In addition to solvent-

nanoparticle and polymer-nanoparticle interactions, polymer concentration controls bilayer
formation.2
The type of solvent and nanoparticle-polymer interaction greatly affects the overall
morphology and the nanoparticle arrangement in the polymer matrix. Three different solvents
(i.e., DMF/THF (96.8% DMF), THF, dioxane/THF (96.8% dioxane)) were used to self-assemble
PAA38-PS154 and magnetic nanoparticles. The assembly structure prepared in the absence of
nanoparticles were micelles, micelles, and vesicles for DMF/THF (96.8% DMF), THF, and
dioxane/THF (96.8% dioxane), respectively. In THF, which is a good solvent for both PS and
nanoparticles, magneto-micelles28,33 were prepared as expected. When DMF/THF (96.8% DMF)
was used for the simultaneous self-assembly of nanoparticles and polymers, magneto-core shell
assemblies46 were formed due to the poor solvent-PS interaction, which leads to the segregation
of nanoparticles from PS and the unique radial arrangement of nanoparticles.
The polymer concentration and nanoparticle loading affects the co-assembled structures.
At high nanoparticle loadings, micelles densely packed with nanoparticles are observed. At low
nanoparticle loadings (high polymer concentrations), nanocomposite bilayers with nanoparticles
sandwiched between two polymer layers is observed.
Finally, electron microscopy techniques (conventional TEM, STEM, EDS, EELS, cryoTEM, and electron tomography) were reviewed and specific examples of nanocomposite
characterization were given.
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Chapter 3: Correlating Internal Structure of Magneto-Core/Shell Assemblies and MagnetoMicelles to Transverse Relaxivity Rates

Chapter 3 reports how to control the structural parameters and transverse relaxation rates of
self-assembled magneto-core/shell assemblies and magneto-micelles.

Magneto-core/shell

assemblies have nanoparticles radially arranged at the interface of a reverse micelle and a
polymer shell, and magneto-micelles have particles aligned in “strings”.

The internal

nanoparticle aggregate morphology was determined by transmission electron tomography. The
structural parameters (micelle radius (RA), nanoparticle cavity radius (RNC), and shell length
(LS)) of the magneto-core/shell assemblies are controlled by changing the size of the incorporated
iron oxide nanoparticle and both the nanoparticle and polymer concentration. At constant
nanoparticle weight percent (wt %), RA, RNC, and LS increase linearly with increasing
nanoparticle size. In addition to simply using various nanoparticle sizes to tune the magnetocore/shell assemblies radius, we observe an increase in the radius with increasing polymer
concentration at the same nanoparticle weight percent. The transverse relaxation rates (r2) of
magneto-core/shell assemblies increased with increasing the nanoparticle and micelle radius.
When comparing magneto-core/shell assemblies and magneto-micelle r2 values with the same
nanoparticle size and wt %, we find that magneto-core/shell assemblies have larger r2 values.
We attribute the increased r2 values to nanoparticle proximity to water within magneto-core/shell
micelles due to the radially aligned particles.
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3.1 Introduction
In bulk and solution-phase, the morphology of amphiphilic polymers is dependent on two
factors, enthalpy and entropy.1,2 The enthalpy and entropy of the system controls the interfacial
energy between the two blocks and the stretching of the chains in different conformations,
respectively.1,2 When compared to bulk, block copolymer assembly in solution is more complex
due to solvent interactions with each block.2,3 For example, for the same block copolymer,
different morphologies are accessible depending on the common solvent used to solubilize the
polymers.3 For binary assembly of nanoparticles and polymers in solution-phase, solvent affects
the nanoparticle arrangement in polymer matrix as well as the overall morphology, as it mediates
the nanoparticle-polymer interaction.4

The previous chapter (chapter 2) showed that the

cooperative self-assembly of nanoparticles and amphiphilic polymers can lead to multiple
morphologies with various nanoparticle arrangements and is controlled by both solvent-polymer
and polymer-nanoparticle interactions.4 Specifically, two micelle structures assembled in either
N,N-dimethylformamide (DMF) or tetrahydrofuran (THF) were reported. In the case of DMF,
the assemblies have a unique shell-type structure with nanoparticles embedded in spherical
polymer micelles, whereas THF produces micelles with nanoparticles distributed throughout the
polymer matrix.4
In chapter 2, the internal arrangement of nanoparticles in polymer assemblies was
determined by transmission electron tomography and other analytical techniques. Through these
characterization techniques, it was found that nanoparticles tend to form sheets and strings inside
polymer micelles when using DMF and THF as solvents, respectively. The sheet and string
formations are two- and one-dimensional aggregates and are similar to both solution-phase and
thin film nanocomposites where nanoparticle aggregation was controlled by ligand grafting
density.5,6 In this chapter (chapter 3), four distinct nanoparticle arrangements are assessed:
spherical aggregates, sheets, strings, and dispersed, within the polymer matrix.6 Instead of
changing the ligand density, the solvent-polymer and polymer-nanoparticle interactions are tuned
by changing the solvent, which dictates the nanoparticle arrangement.
In addition to structural characterization of the two micellar structures, transverse
relaxivity (r2) rates are related to internal nanoparticle arrangement.

Specifically, using

amphiphilic polymers to encapsulate magnetic nanoparticles has received much attention.4,7-12
Magnetic nanoparticles are of great interest due to their potential as magnetic resonance imaging
(MRI) contrast agents, hyperthermia agents, drug carriers, magnetic relaxation switching assays,
and separation techniques.13-19 As for magnetic resonance contrast ability, our group has
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Figure 3.1. (a) Schematic representation of two distinct particle arrangements within polymeric
micelles, magneto-core/shell assemblies and magneto-micelles.

The particle arrangement is

dependent on the common solvent used during water addition. (b) Magneto-core/shell assemblies
using rNP = 2.8 nm iron oxide particles (24 wt%) and PAA38-PS247 (0.01 wt% in 1.5 mL DMF).
(c) Magneto-micelles using rNP = 2.8 nm iron oxide particles (62 wt%) and PAA38-PS247 (0.01
wt% in 1.5 mL THF).
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previously found that the r2 value for magneto-core/shell assemblies was ~ 2.5 times greater than
simple magneto-micelles at the same nanoparticle weight percent (wt %) and size.4 This was
surprising because simulations evaluating various particle arrangements (sphere, shell, and
linear), have shown that both magnetic spheres and shells contribute similarly to the relaxivity of
water molecules.20 This chapter studies how the internal nanoparticle arrangement and micelle
structural parameters affects the r2 values of both magneto-core/shell and simple magnetomicelles.

All in all, this work exemplifies how tuning various interactions, nanoparticle-

nanoparticle, polymer-polymer, and nanoparticle-polymer, through solvent, nanoparticle size, and
polymer concentration allows for precise nanoscale assembly of nanocomposites.

3.2 Experimental Section
3.2.1 Relaxivity Measurements
The T2 relaxivity times were measured for a series of different sample concentrations
using a Bruker mq60 MR relaxometer operating at 1.41 T (60 MHz). Specifically, a concentrated
solution of magneto-micelles (1.5 mL of a 1 mg Fe/L) is used to create six samples with
decreasing concentration by serial dilution. The T2 relaxivity times of the different solutions need
to be within the linear regime (~10 ms-300 ms). T2 relaxivity times outside the linear regime will
result in non-linear 1/T2 versus [Fe] (mM). Sample preparation is a trial and error learning
process because different structures have different relaxivity rates and therefore, have different
concentration ranges needed for linear plots of 1/T2 versus [Fe] (mM).

3.2.2 Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)
The Fe concentration was determined using inductively coupled plasma–atomic emission
spectroscopy (ICP-AES) (Spectro Genesis). Typically, a concentrated stock solution of magnetic
nanocomposites (800 µL of as-prepared assemblies) was added to scintillation vials. The samples
in the scintillation vials were then heated at 600 oC for two hours to burn off all organic material.
Then, 1 mL of concentrated hydrochloric acid was added to the vials to dissolve all iron oxide
nanoparticles. Finally, 9 mL of deionized water was added to the vials. The concentrations of the
prepared solutions were then measured using ICP-AES. The 1/T2 relaxivity times (s) were
plotted as a function of iron concentration (mM) to obtain r2.
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3.3 Internal Structure of Magneto-Core/Shell Assemblies and Magneto-Micelles
As stated previously in chapter 2, two distinct micelles, magneto-core/shell and simple
magneto-micelles were assembled.4 The micelles were assembled with oleic acid stabilized iron
oxide nanoparticles and block copolymers poly(acrylic acid)-polystyrene (PAA-PS) (Figure 3.1).
In a typical co-assembly procedure, the as-synthesized nanoparticles and the block copolymers
(PAA-PS) were self-assembled by the slow addition of water to the mixture of the two
components. Briefly, block copolymers (1,500 µL in DMF or THF) and nanoparticles (50 µL in
THF) were mixed together. Then, water was slowly added to the solution to induce the selfassembly of block copolymers and nanoparticles. Finally, all organic solvents were removed by
dialysis (Figure 3.1).
The micelles were characterized using electron energy-loss spectroscopy (EELS), energydispersive X-ray spectroscopy (EDS), and transmission electron tomography as explained in
chapter 2. The EELS and EDS data was collected in scanning transmission electron microscopy
(STEM) mode. As seen in Figure 2.7, both the carbon-K and iron-L EELS line profile indicate
that the iron oxide nanoparticles are aligned around a reverse micelle or micelles and coated with
a polymer shell. The iron EDS line profile for a magneto-core/shell assemblies correspond well
with the carbon-K EELS line profile, indicating nanoparticles are arranged radially (Figure 2.5).
Magneto-micelles show a Gaussian-like iron EDS line profile, initially indicating nanoparticles
are randomly dispersed within the micelle (Figure 2.5). Tomographic imaging confirmed the
internal structure of magneto-core/shell assemblies and magneto-micelles (Figure 2.10 and
Figure 2.11).
As for simple magneto-micelles, tomographic imaging revealed particles align into
“strings” (Figure 2.11). There are two possible reasons for the “string” arrangement within the
micelles.

In one case, when nanoparticle-polymer interaction is high, local bridging of

nanoparticles occurs where several nanoparticles will absorb to a polymer chain.21-23 This local
bridging of nanoparticles would cause the “string” arrangement observed in the magneto-micelle
structures (Figure 2.11). In the other case, due to both the plasticizing effect and high solubility
of both nanoparticles and polystyrene in THF, nanoparticle-nanoparticle dipolar interactions
influence the one-dimensional (1-D) ordering.3,24,25 For example, during water addition, the
internal structure of the micelle is not frozen due to trapped THF. The trapped THF in the
micelle allows for further rearrangement, favoring dipolar interactions between nanoparticles,
resulting in "strings".
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Figure 3.2. Schematic representation of the four different nanoparticle arrangements within
polymeric micelles.

The different nanoparticle arrangements follow as three-dimensional

spherical aggregates (a), two-dimensional sheets (b), one-dimensional strings (c), and (d) evenly
dispersed. The different arrangements are dependent on the combination of interaction strengths
between, nanoparticle-nanoparticle, polymer-polymer, and nanoparticle-polymer.
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These two nanoparticle arrangements within polymer micelles are similar to work
involving controlled aggregation of nanoparticles in solution and polymer melts, which both were
controlled by nanoparticle grafting density.5,6

Various structures were observed, including

spherical aggregates (3-D), sheets (2-D), strings (1-D), and well dispersed.5,6 These nanoparticle
aggregate structures are a result of balancing both nanoparticle-nanoparticle interactions and
steric repulsion of the ligands.5,6 As reported by Eisenberg and coworkers, for PAA18-PS200,
micellation occurs around 18 weight percent (wt %) water when THF is the common solvent as
compared to DMF where micellation occurs around 5 wt % water.3 At this condition, the
polymer is still swollen with the initial THF solvent. Thus, the interactions between three
components (polymer, solvent, and nanoparticle), need to be taken into consideration.
As a result, nanoparticle-nanoparticle, polymer-polymer, and nanoparticle-polymer
interactions vary with solvent, polymer, and ligand. In combination with the work presented here
(nanoparticle sheets and strings) and by others (nanoparticle spherical aggregates and well
dispersed nanoparticles), we present four different nanoparticle arrangements in solution-phase,
which are visualized in Figure 3.2.26-28

Spherical aggregates (3-D) are found with gold

nanoparticles coated with alkyl thiols (Figure 3.2a).26 These particles tend to segregate in the
core of polymer micelles due to stronger nanoparticle-nanoparticle interactions and unfavorable
ligand-polymer interactions. Well dispersed nanoparticles are found when gold nanoparticles are
functionalized with the same polymer as the polymer micelle core (Figure 3.2d).27,28 In this case,
nanoparticle-polymer and polymer-polymer interactions are more favorable than nanoparticlenanoparticle interactions. As for the intermediate aggregate shapes with oleic acid stabilized iron
oxide nanoparticles, solvent mediates the interactions. Nanoparticle-nanoparticle interactions are
strongest in DMF because nanoparticles are not soluble in DMF. Therefore, 2-D sheets are
formed (Figure 3.2b).

In contrast, in THF, nanoparticle-polymer interactions are strongest

because both nanoparticles and polystyrene are well solubilized. As a result, nanoparticle strings
are formed (Figure 3.2c).

3.4 Relating r2 Values to Structure for Magneto-Core/Shell Assemblies and MagnetoMicelles
In this section, the r2 values of the two assemblies at different nanoparticle weight
percents are compared (Figure 3.3). It was observed that the core/shell type assemblies show
higher magnetic relaxivity at low nanoparticle weight percents, as we reported before.4 The
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difference was reduced when the nanoparticle loading density was higher because nanoparticles
cluster into strings and reside close to the surface, as seen from 3-D tomography image in Figure
2.11. As seen in Figure 3.3, the r2 values for both magneto-core/shell assemblies and magnetomicelles increase with increased nanoparticle wt % (24 wt % to 62 wt %), but the sizes of the
micelles increase slightly (Figure 3.3e,f).

In general, when comparing magneto-core/shell

assemblies and magneto-micelles, the radii of the micelles (RA) are similar at the same
nanoparticle wt %; therefore, the number of particles in each micelle should be the same. At a
nanoparticle weight percent of 24, the calculated r2 values are 119 ± 5 mM-1 s-1 and 84 ± 5 mM-1
s-1 for magneto-core/shell and magneto-micelles, respectively.

The difference in r2 values

between magneto-core/shell assemblies and magneto-micelles is smaller at a nanoparticle wt % of
62. A seen in the bar graph of Figure 3.3g, the change in r2 values for the different particle
arrangements and nanoparticle wt %'s show that there is a greater difference than previously
reported in simulations and theory of proton transverse relaxation when comparing magnetic
spheres and shells.20
Next, this section discusses how r2 values change with magneto-core/shell structural
parameters. The magneto-core/shell structure is interesting because we have better control over
the assembly structure and can fine tune the structure parameters, RA, nanoparticle cavity radius
(RNC), and shell length (LS). Here, several different ways to change the structural parameters of
the core/shell assemblies and their respective magnetic relaxivity values are examined.
To change the magneto-core/shell assembly size with the same nanoparticle rNP, the
polymer concentration influence on amphiphilic copolymer systems in solution-phase was
utilized. The concentration effects of block copolymers are due to the aggregation number (Nagg),
which is a function of the polymer concentration and the critical micelle concentration.2
Solution-phase observations of PAA-PS copolymers show that for micelle forming polymers, the
core radius increases as the polymer concentration increases.2 Here, the same polymer dynamics
are used but with the incorporation iron oxide nanoparticles. We observe that as the polymer
concentration increases, RA increases. When iron oxide particles with rNP = 3.2 nm are assembled
with the polymer PAA38-PS247 and the nanoparticle weight percent (24 wt %) is kept constant
while the polymer concentration is increased incrementally from 0.01 wt %, to 0.08 wt %, we
observe a constant increase in RA from 62 ± 2 nm to 110 ± 6 nm, respectively (Figure 3.4).
Interestingly, after the polymer concentration of 0.08 wt %, RA stays constant. For example, at
the polymer concentration of 0.12 wt %, RA is 98 ± 5 nm (Figure 3.4). The increase in RA for the
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Figure 3.3. Comparison of r2 values versus nanoparticle wt% with rNP = 2.9 nm for magnetocore/shell assemblies and magneto-micelles. The polymer concentration was kept constant (0.01
wt%) while the amount of nanoparticles was increased. (a,b) TEM images of magneto-core/shell
assemblies at a nanoparticle wt% of 24 (a) and 62 (b). (c,d) TEM images of magneto-micelles
assembled at nanoparticle wt% of 24 (c) and 62 (d). (e) DLS intensity plot of magneto-core/shell
assemblies at 24 wt% and 62 wt%. (f) DLS intensity plot of magneto-micelles at 24 wt% and 62
wt%. (g) r2 rate dependence on micelle morphology and nanoparticle wt%. The polymer PAA38PS247 was used for both DMF and THF samples.
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Figure 3.4. Magneto-core/shell micelle size dependence on polymer aggregation number with
rNP = 3.2 nm iron oxide particles and the polymer PAA38-PS247. (a-c) The nanoparticle weight
percent (24 wt%) is kept constant while the polymer concentration is increased from (a) 0.01 wt
%, to (b) 0.05 wt %, and (c) 0.11 wt %. (d) DLS measurement of core/shell assemblies and r2
rate dependence on polymer concentration.
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magneto-core/shell assemblies is attributed to the increase in Nagg. Specifically, as Nagg increases,
the reverse micelle in the core of the core/shell micelle increases as well. After a specific
polymer concentration (0.08 wt %), the reverse micelle is restricted from increasing in size due to
over stretched polymer strands.
To qualitatively determine the penalty of polymer stretching in the core for magnetocore/shell micelles assembled at a polymer concentration of 0.12 wt %, the deviation of polymer
stretching from the Gaussian length or root-mean-square end-to-end distance is needed.
Therefore, RNC was determined to be 51.9 ± 10.5 nm for magneto-core/shell assemblies and
compared to R0 of both PAA and PS.

Both PAA and PS have R0 = 8.4 nm and 10.7 nm,

respectively (R0 is the mean-square end-to-end distance which is equal bN1/2, where N is the
polymerization number and b is the statistical segment length. The statistical segment length of
PAA and PS are 1.36 nm and 0.68 nm, respectively).29-31 As a comparison, both PAA and PS
have a Rmax = 51.7 nm and 168.0 nm, respectively, and where Rmax is the length of a fully
stretched chain and is proportional to bN for the polymer PAA38-PS247. The R0 and Rmax values
show that for a single reverse micelle in the core, the block copolymer strands are not fully
stretched but are stretched beyond their Gaussian length, which is entropically unfavorable.
Therefore, at a RNC value of 51.9 ± 10.5 nm, there is likely more than a single reverse micelle in
the core.

At increased polymer concentrations (> 0.12 wt%), the morphology of the

nanoparticle/polymer aggregates changes to an unordered structure and increased free polymer
due to the stretching of the polymer strands (Figure 3.5).
As expected, the r2 values of the magneto-core/shell assemblies increase with increasing
size and saturate as the micelle size is constant (Figure 3.4d). The trend of r2 values increasing
and saturating with nanoparticle/polymer aggregate size has been observed by others.10 As stated
previously, the chemical exchange model predicts three different regimes, the motional averaging
regime, the static dephasing regime, and the echo-limiting regime.32,33 The r2 values change with
respect to the different regimes and correspond to an increase in r2 with size in the MAR,
maximize in r2 in the SDR, and decrease in r2 in the ELR.32,33 When comparing the r2 values with
respect to micelle size with similarly sized iron oxide nanoparticles from Figure 3.4d and
previously published results, we have an increased r2 value in the SDR, but at an increased
micelle size.10
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Figure 3.5. Nanoparticle/polymer aggregates with rNP = 3.2 nm iron oxide particles and the
polymer PAA38-PS247. The nanoparticle weight percent (24 wt%) is kept constant while the
polymer concentration is 0.23 wt %.
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3.5 Nanoparticle Size Effect on Core/Shell Assemblies
To determine how the nanoparticle size influences the co-assembly of magneto-core/shell
assemblies and r2 values, a series of differently sized, oleic acid-stabilized iron oxide
nanoparticles were prepared.

The radius of synthesized nanoparticles were determined by

transmission electron microscopy (TEM), and ranged from 2.3 ± 0.3 nm to 7.5 ± 0.5.34 After coassembly of the magneto-core/shell assemblies, the structural parameters were measured by TEM
and plotted in Figure 3.6. For a given polymer, the nanoparticle wt % was kept constant. For
example, variously sized iron oxide particles with radii 2.3, 2.8, 3.4, 5.3, 5.4, and 7.5 nm were
incorporated into PAA38-PS154 at the same nanoparticle weight percent of 16.0 wt %. For a
shorter polymer, PAA38-PS108, a lower nanoparticle weight percent (10.0 %) was used to
accommodate a range of different sized nanoparticles. Figure 3.6 shows how the radius of the
RA, RNC, and LS change with rNP. As shown in Figure 3.6, all three parameters increase with the
nanoparticle radius. Additional experiments with several different lengths of polymers (PAA15PS107 and PAA38-PS189) showed the same trend (Figure 3.7), indicating that the impact of
nanoparticles on the self-assembly structure is general for a range of different polymer lengths.
While both RNC and LS increase with the nanoparticle radius (Figure 3.6c,d), the RNC
changes more rapidly with the nanoparticle size than the shell thickness and makes the major
contribution to the changes in the overall size of the assemblies. As depicted in Figure 3.6a, the
RNC is the distance from the center of the micelle to the middle of the nanoparticle layer (blue
arrow). Also reported previously, the maximized nanoparticle volume fraction increases with
increasing nanoparticle radius.35 In addition, the RNC increases with increasing nanoparticle
radius while the shell thickness stays constant, at the maximum nanoparticle volume fraction.35
The increase in RNC in the previously reported study was attributed to the stretching energy of the
shell polymers.35 When the nanoparticles decorate the interface between the polymer core and
the shell, the nanoparticle layer creates a bumpy surface. The bumpy surface in turn creates extra
space in the shell that must be filled with polymers to avoid the contact between water and
hydrophobic components (i.e., nanoparticles and PS). The extra space per nanoparticle increases
with decreasing RNC (Figure 3.8). The extra space in turn increases the polymer stretching in the
shell and destabilizes the structure. When comparing the extra space created by nanoparticles at
the same RNC for a series of particles, larger nanoparticles create increased extra space. For this
reason, larger nanoparticles incorporate farther from the center of the micelle and form a larger
nanoparticle cavity. While the bumpy surface model only accounts for the geometric effect of the
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Figure 3.6. Structural parameters in magneto-core/shell assemblies of block-copolymers and
nanoparticles. (a) A TEM image of co-assembled block-copolymer micelles with rNP = 4.9 nm
and PAA38-PS154 and a drawing of self-assembled structure with important dimensions. (b) RA
dependence on rNP for both PAA38-PS154 (●) and PAA38-PS108 (■). (c) RNC dependence on rNP for
both PAA38-PS154 (●) and PAA38-PS108 (■). (d) LS dependence on rNP for both PAA38-PS154 (●)
and PAA38-PS108 (■). The weight percent of nanoparticles were 10.0 % and 16.0 % for PAA38PS108 and PAA38-PS154, respectively.
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Figure 3.7.

Structural parameters for magneto-core/shell micelles.

TEM images of co-

assemblies with (a) rNP = 2.3 nm and (b) rNP = 7.5 nm using PAA38-PS189. (c) RA dependence on
rNP for both PAA15-PS107 (■) and PAA38-PS189 (○). (d) RNC dependence on rNP for both PAA15PS107 (■) and PAA38-PS189 (○). (e) LS dependence on rNP for both both PAA15-PS107 (■) and
PAA38-PS189 (○).
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Figure 3.8.

(a) Pictorial description of the extra volume (grey) created by nanoparticles

incorporated between the polymer core and the shell. The larger RNC with a smaller curvature
(bottom) reduces the “extra volume” per nanoparticle. (b) The extra volume calculated assuming
the monolayer of nanoparticles at the interface. The relationship between the radial location of
nanoparticles (i.e., RNC) and the extra space created in the shell is visualized above (Figure 3.8),
which plots the calculated extra volume as a function of RNC for a series of nanoparticle sizes.
For the three different nanoparticle sizes examined in this study, experimentally determined RNC
values (Figure 3.6) were found on the region of the curve where the rate change begins
drastically changing. This result indicates that below the critical RNC, the assemblies become
unstable due to the polymer stretching associated with the increased extra volume created in the
shell. Also note that the extra space per nanoparticle increases with the nanoparticle size at a
fixed curvature of interface, and the critical RNC values shifts towards smaller values for smaller
nanoparticles, which explains the observed RNC dependence on the nanoparticle size (Figure 3.6).
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nanoparticles, it provides qualitative explanation on the structural changes caused by the
nanoparticle size.
The increase in LS in Figure 3.6 is attributed to the reduced number of particles as the
radii of the particles increases while the nanoparticle wt % is constant. In this case, reducing the
number of particles is similar to decreasing the volume fraction in previous studies.35 The reason
for this is that the nanoparticle radius dictates RNC. For larger RNC, there are a reduced number of
micelles which increases the amount of polymer per micelle. In addition, larger nanoparticles
have an increased maximum nanoparticle volume fraction, and here, we keep the wt % constant.
Therefore, when the nanoparticle wt % is constant and the nanoparticle radius is increased, the
shell will increase due to a reduction in the overall number of nanoparticles.
The largest size of nanoparticles that can be incorporated into the core/shell type micelle
varies with the length of polymers. In general, the maximum nanoparticle size increases with the
polymer length. For example, particles with rNP = 7.5 nm did not form discrete core/shell
structures with PAA38-PS108, while they form well-defined core/shell assemblies with a longer
polymer of PAA38-PS154. For PAA38-PS108, the critical nanoparticle radius was found to be
between 3.3Rg and 4.0Rg, where Rg is the radius of gyration for the PS chain (Rg = (bN1/2)/61/2).
When the nanoparticle size exceeds the critical radius, discrete cavity-like assemblies coalesce
into chains of the assemblies (Figure 3.9). The morphology change occurs in order to further
relieve the polymer stretching. Previous polymeric nanocomposite material studies showed that
filler materials with a rNP/Rg > 1 macroscopically segregated from polymers.36 In this present
study, we find that the largest rNP/Rg ratio is 3.4 for rNP = 7.5 nm and PAA38-PS154. Therefore, in
the case of solution-phase assembly, polymers are more accommodating to larger particles than in
thin film studies.
Next, the size of the magneto-core/shell micelle effects on the r2 values was studied. As
stated before, by increasing the iron oxide nanoparticle size, the size of the magneto-core/shell
assembly increased. The calculated r2 values for assemblies with individual nanoparticles with
radii of 2.3 nm, 3.2 nm, and 7.5 nm are 63 ± 1 mM-1 s-1, 144 ± 1 mM-1 s-1, and 301 ± 2 mM-1 s-1,
respectively (The measured inverse relaxation times (1/T2) were plotted as a function of iron
concentration [Fe] (mM) in Figure 3.10). As expected, we observed that the r2 values increase
with both iron oxide nanoparticle and magneto-core/shell assembly size, which is supported by
previously reported results.10 Recently published results by Pöselt et. al. show that for a series of
differently sized of polymer micelles incorporating γ-Fe2O3 nanoparticles, the r2 values increase,
saturate, and decrease with micelle size and these three regions correspond to the three regimes
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Figure 3.9. Nanoparticle size effect on block-copolymers. (a) A low magnification TEM image
of nanoparticles with a radius of 7.5 nm incorporated into PAA38-PS73.

(b) A higher

magnification TEM image of nanoparticles with a radius of 7.5 nm incorporated into PAA38-PS73.
(c) A low magnification TEM image of nanoparticles with a radius of 7.5 nm incorporated into
PAA38-PS108. (d) A higher magnification TEM image of nanoparticles with a radius of 7.5 nm
incorporated into PAA38-PS108.
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Figure 3.10. Inverse transverse relaxation time (1/T2) versus the iron molar concentration [Fe]
for assemblies prepared with individual (a) and mixed (b) iron oxide nanoparticles. (a) Magnetic
relaxivity data for assemblies prepared with three different sized iron oxide nanoparticles, 2.3 nm
(black squares), 3.2 nm (red circles), and 7.5 nm (green triangle). The error bars are the standard
deviations from three different measurements. Magneto-core/shell assemblies use iron oxide
particles (24 wt%) of verious sizes and PAA38-PS247 (0.01 wt% in 1.5 mL DMF).
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defined by the chemical exchange model.10 In addition, for the same sized micelle, the r2 value
increases with increased nanoparticle size.10

3.6 r2 Dependence on the Shell Thickness for Magneto-Core/Shell Assemblies
To further determine the structural parameter effect on r2 values of magneto-core/shell
assemblies, we looked at changing the nanoparticle wt %. The magneto-core/shell assemblies
presented in Figure 3.3 were analyzed further (Figure 3.11). As seen in Figure 3.11, magnetocore/shell micelles were assembled at various nanoparticle wt %, 24, 49, and 62 with rNP = 2.9
nm. All three micelles had similar RA (Figure 3.3e) but LS decreased and RNC increased with
increasing nanoparticle wt % (Figure 3.11d). This trend was previously observed using the same
polymer with CdSe nanoparticles, but not to the degree observed here.35 Here, we observed an
increase in r2 with increasing nanoparticle loading, with values of 119 ± 5 mM-1 s-1, 155 ± 10
mM-1 s-1, and 190 ± 20 mM-1 s-1 for nanoparticle wt % of 24, 49, and 62, respectively (Figure
3.11e). We attribute the increase in r2 to a reduction in LS and an increase in RNC with increased
nanoparticle wt % (Figure 3.11f).

3.7 Conclusions
This chapter reports how to control the nanoparticle aggregate structure and the structural
parameters of magneto-core/shell assemblies and magneto-micelles.

Importantly, the

nanoparticle aggregate structure is controlled by the nanoparticle-nanoparticle, polymer-polymer,
and nanoparticle-polymer interactions. These interactions are tuned through the use of DMF and
THF as solvents. For strong nanoparticle-nanoparticle interactions, 2-D nanoparticle aggregates
form as magneto-core/shell assemblies. In the case of strong nanoparticle-polymer interactions,
1-D nanoparticle aggregates, or strings, form within magneto-micelles. Additionally, it was
observed that for the same polymer and nanoparticle wt %, as the nanoparticle radius increases,
the RA, the RNC, and the LS increase. The increase in RNC is due to the stretching energy of the
polymer strands in the shell. The interface between the nanoparticles and the polymer shell is
bumpy and creates extra space. The extra space must be filled with polymers to avoid the contact
between water and hydrophobic components. Therefore, an increase in RNC with respect to
nanoparticle radius is due to relieving the extra volume created by the bumpy surface. The
increase in LS is due to the reduced number of particles as the radii of the particles increases at a
constant polymer concentration. Importantly, the change in micelle structural parameters
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Figure 3.11. Comparison of magneto-core/shell r2 values versus nanoparticle wt% with rNP = 2.9
nm. In this set of experiments, the polymer concentration was kept constant (0.01 wt%) while the
amount of nanoparticles was increased.

(a-c) TEM images of magneto-core/shell micelles

assembled at nanoparticle wt% of 24 (a), 49 (b), and 62 (c). (d) LS (black) and RNA (red)
dependence on nanoparticle wt% for the corresponding micelles in a-c. (e) r2 rate dependence on
nanoparticle wt% for the corresponding micelles in a-c. (f) Schematic description of nanoparticle
wt% effect on RNC and LS of magneto-core/shell micelles. The polymer PAA38-PS247 was used for
all samples.
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correlates well with recently observed trends in r2 values. Interestingly, we observed changes in
r2 values with respect to nanoparticle aggregate shape.

Finally, our study described here

establishes important design rules for solution-phase co-assembly of nanoparticles and
amphiphilic polymers.
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Chapter 4: Morphological Transitions of Nanoparticle/Block Copolymer Bilayers1

Clustering of iron oxide nanoparticles within block copolymer bilayers induces a bilayer to
micelle morphological transition which is highly reminiscent of bilayer to vesicle transitions
occurring in biological cell membranes. Nanoparticle aggregation is attributed to nanoparticlepolymer ("depletion" attractions) and nanoparticle-nanoparticle (van der Waals) interactions.
Once the nanoparticle-aggregate reaches a critical size, the entropic cost for the polymer bilayer
to accommodate the particle cluster become too large. As a result, the nanoparticle-aggregate
becomes expelled, or "buds", from the polymer bilayer.

1

Reproduced in part with permission from Hickey, R. J.; Sanchez-Gaytan, B. L.; Cui, W.;
Composto, R. J.; Fryd, M.; Wayland, B. B.; Park, S.-J. Small 2010, 6, 48. Copyright 2010 John
Wiley & Sons.
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4.1 Introduction
Self-assembly of nanometer scale objects and amphiphilic molecules is ubiquitous in
biological systems.

Amphiphilic block copolymers mimic the self-assembly behavior of

phospholipids and yet offer a greater versatility than lipids owing to wider choices of chemical
compositions and stability.2,3

Capitalizing on these unique properties, self-assembly of

nanoparticles and block copolymers have been actively exploited for a range of applications
spanning from nanofabrication to medicine.4-6 However, currently little is known about what
controls the solution phase assembly processes and resulting assembly structures. Within this
fourth chapter, dynamic structural changes of composite block copolymer bilayers induced by the
clustering of nanoparticles embedded in the bilayers are discussed. The structural changes
induced by the embedded nanoparticles resemble protein driven curvature of cell membranes.
This study demonstrates a new mechanism of nanoparticle-induced morphological transitions of
block copolymers, which is different from typical equilibrium processes.
In biological systems, lipid membranes dynamically change their morphologies by
creating membrane curvature through the interactions with nanometer scale macromolecules (i.e.,
proteins), which plays an important role in intercellular processes such as membrane
trafficking.7,8

For example, a peripheral membrane protein, caveolae, is known to induce

membrane curvature through insertion and oligomerization on the surface of the phospholipid
bilayer.7,8

The overall process causes bilayer to vesicle morphological transition which is

involved in vesicular trafficking and signal transduction.7 Here, we report the morphological
behavior of composite block copolymer bilayers composed of short poly(acrylic acid) and long
polystyrene blocks (PAA18-PS128) containing iron oxide magnetic nanoparticles. Surprisingly,
composite block copolymer bilayers composed of glassy PS undergo a morphological transition
to spherical micelles in water through the interactions with embedded nanoparticles, which is
highly reminiscent of the “budding” process in cell membranes described above.7,8 The dynamic
structural changes observed for the nanoparticle/block copolymer hybrids in this chapter are
apparently important in designing such systems as the morphology of the hybrid particles should
significantly impact their interactions with intercellular components.
Within chapter 4, composite bilayer formation, dynamic structural changes, and
nanoparticle-polymer interactions will be discussed. Experimental details for bilayer formation
were explained in chapter 2. Here, a more detailed explanation will be given about how bilayers
form and why nanoparticles reside at the PS-PS interface of the polymer bilayer. The composite
bilayer to micelle transition induced by nanoparticle aggregation will be explained in two parts,
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nanoparticle aggregation and micelle formation.

This chapter and the following chapters

highlight that the incorporation of nanoparticles can induce morphological changes of polymeric
assemblies, demonstrating that nanoparticles can play an active role in the assembly process
rather than being passively incorporated in the polymer matrix.

4.2 Bilayer Formation
As explained in chapter 2, composite bilayer structures were self-assembled through the
slow water addition method to a mixture of iron oxide nanoparticles (4.1 ± 0.5 nm in diameter)
and block copolymers (PAA18-PS128). At low nanoparticle weight percents, (39 and 56 wt%),
composite bilayer structures and spherical assemblies were coexistent (Figure 2.3). As seen in
Figure 4.1, at a nanoparticle weight percent of 39%, large composite bilayers are observed. Both
embedded nanoparticles and bilayer edge in bilayers are clearly visible in high magnification
images (Figure 4.1).
The incorporation of oleylamin/oleic acid-coated nanoparticles in the middle PS domain
of composite bilayers composed of PS and PAA (Figure 4.2a) is consistent with the FloryHuggins parameters (χ) of interacting pairs in the system.

The Flory-Huggins parameter

represents the pairwise interaction energy between species in a mixture. In this study, the species
are polymer, solvent and surfactant molecules. This parameter can be obtained by using equation
(1),9

χ12 ∝ (δ 1 − δ 2 )2

(1)

where δ1 and δ2 are solubility parameters for species 1 and species 2, and χ12 is the Flory-Huggins
parameter for the two species.9 The solubility parameters are given in Table 2.1.9 While the
interactions are repulsive (unfavorable) in all cases, the Flory-Huggins parameter for OA/PS is
the smallest among all possible combinations (~7.8 MPa). Thus, the system can initially reduce
free energy by incorporating iron oxide nanoparticles in the PS domain. However, the χPS/OA
value of ~7.8 MPa is still unfavorable and OA-coated nanoparticles have limited miscibility in
the PS domains. Thus, iron oxide nanoparticles tend to phase segregate to the middle of PS
domain as depicted in Figure 4.2a rather than being randomly distributed in the PS domain
(Figure 4.2b).

Experimentally, OA-modified iron oxide nanoparticles have been shown to

phase-segregate from PS when iron oxide nanoparticles and PS are spin-coated together on a
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Figure 4.1. Composite bilayer formation at a nanoparticle weight percent of 39% using the
polymer PAA18-PS128. The series of TEM images clearly shows nanoparticles and the bilayer
edge. Iron oxide nanoparticles are 4.1 nm and the polymer has a concentration of 0.04 wt% in
DMF.
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Figure 4.2. Two possible arrangements of iron oxide nanoparticles in block copolymer bilayers.
iron oxide nanoparticles are assembled in the middle of PS layer (a) or, randomly incorporated in
PS layer (b). The black spheres, black lines, and grey lines indicate iron oxide nanoparticles, PS,
and PAA, respectively.
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substrate.10 The entropic cost for wrapping around nanoparticles can also contribute to the
segregation of nanoparticles to the middle of PS domain.11
Composite bilayer structures were assembled using other block copolymers and
nanoparticles (Figure 4.3). The composite bilayers are composed of the polymers PAA38-PS43,
PAA38-PS73, and PAA38-PS108. All polymers had a concentration of 0.04 wt% in 1.5 mL DMF
and the nanoparticle weight percent in the polymers was 8 %. These examples confirm that under
similar conditions (small, hydrophobic nanoparticles, and polymer concentrations), composite
bilayers form with nanoparticles residing at the PS-PS interface.

4.3 Bilayer to Core/Shell Transition
Interestingly, the bilayer structure was metastable, and undergoes a phase transformation
to spherical assemblies in water (Figure 4.4). As mentioned above, bilayers and spherical
assemblies coexist when nanoparticle weight percent is less than 56 %. The volume ratios of
bilayers to spherical micelles were approximately 13:87 and 65:35 for nanoparticle weight
percents of 56 % and 39 %, respectively, after dialysis (Figure 4.4a). Within 10 days, virtually
all of the bilayer structures were transformed into spherical assemblies with incorporated
nanoparticles (Figure 4.4c). The final spherical assemblies formed from bilayers possess the
three layered structure composed of a polymer core, a polymer shell, and nanoparticles
selectively accumulated between the polymer core and the shell, forming a cavity-like structure
mentioned in Chapter 2 (Figure 4.4d, right).1,12 The dark contrast surrounding the core inside the
spherical assemblies in TEM images (Figure 4.4c, inset) is indicative of the unique radial
assembly structure depicted in Figure 4.4d (right).1,12 In bilayer structures, nanoparticles also
reside between two PS layers rather than being uniformly dispersed within the PS domain, as
evidenced by the clear edge surrounding the bilayers indicated by a blue arrow (Figure 4.4a).
The thermodynamic driving force for nanoparticle segregation to the middle of the PS domain is
discussed above. The clear edge of the bilayer that is free of nanoparticles is 19.1 ± 2.6 nm wide.
This value is slightly larger than the shell thickness of spherical assemblies (16.5 ± 2.5 nm)
because polymer blocks are more stretched in bilayers.
The morphology change in water is surprising considering that PS is a glassy polymer at
room temperature with the glass transition temperature (Tg) of roughly 100 oC.13,14 Indeed,
assemblies of PAA-PS are considered to be “frozen” at a water content of 11 wt % for H2O/DMF
mixture.14 Above the water content of ~11 wt %, the amount of free polymers in solution is very
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Figure 4.3. Composite bilayer formation at a nanoparticle weight percent of 8% using the
polymers PAA38-PS43, PAA38-PS73, and PAA38-PS108. Bilayer formation with different polymers,
(a,d) PAA38-PS43, (b,e) PAA38-PS73, and (c,f) PAA38-PS108. The higher magnification TEM
images clearly show nanoparticles and the bilayer edge. Iron oxide nanoparticles are 4.6 nm and
the polymers all have a concentration of 0.04 wt% in DMF.
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Figure 4.4. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies
probed by TEM measurements. TEM images taken right after dialysis (a), after 6 days (b), and
after 10 days (c). Scale bars are 200 nm except the scale bar in the inset (50 nm). Virtually all
bilayers are converted into spherical assemblies with nanoparticles radially arranged inside the
micelles within 10 days.
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Figure 4.5. Schematic description of the bilayer-to-micelle morphological transition by the
“budding” mechanism. Black dots, black lines, and grey lines represent nanoparticles, PS, and
PAA, respectively.
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low and the exchange between free polymer chains and assemblies is negligible, creating a static
polymer structure.14 Thus, the equilibrium process between free polymers, spherical interfacial
micelles, and bilayers is an unlikely pathway for the observed morphological transition. We
hypothesize that the structural transformation occurs through the “budding” process caused by the
nanoparticle clustering, as described in Figure 4.5. A series of TEM measurements at different
stages of the structural evolution shown in Figure 4.4 supports this hypothesis. While the
nanoparticle distribution is mostly uniform at the initial stage of the bilayer formation, clusters of
nanoparticles were frequently spotted throughout the bilayers as indicated with red arrows in
Figure 4.4a. In addition, spherical micelles protruding off of the bilayers were observed at
intermediate stages, as shown in Figure 4.4b. The bilayer to micelle morphology transition was
observed for nanoparticle/polymer assemblies in various H2O/DMF solvent mixtures and
nanoparticle weight percents (Figure 4.6 and Figure 4.7).

4.4 Depletion Attraction, Van der Waals, and Magnetic Interactions
We attribute the nanoparticle aggregation inside the composite bilayers to the “depletion”
attraction potential and van der Waals interactions.15,16 The “depletion” mechanism occurs when
a non-adsorbing polymer creates an attractive potential between two particles when the surfaceto-surface particle distance is within approximately twice the polymers radius of gyration (Rg).16
The polymer matrix, in effect, forces the nanoparticles together to increase polymer chain entropy
that was previously restricted by nanoparticles. The radius of gyration of the polymer used here
is calculated to be 3.1 nm using the relationship, Rg = (bN1/2)/61/2, where b is the statistical
segment length (0.68 nm for PS) and N is the polymerization number.17,18 The interparticle
distance (surface-to-surface) in bilayers was estimated to be 3.3 ± 0.9 nm from the area density of
nanoparticles in polymer bilayers, assuming a uniform distribution of nanoparticles.

The

interparticle distance of 3.3 ± 0.9 nm is smaller than 2Rg (6.2 nm) of the polymer used in this
study, indicating that the depletion mechanism should contribute to the nanoparticle aggregation.
The van der Waals interaction can also play a role when the nanoparticle center-to-center
distance becomes smaller than about 4.6 nm. The van der Waals attraction potential (EVDW)
between two spheres of equal radius is calculated by the equation (2),19

EVDW = −

 d 2 
A  d2
d2
1 − 2 
2
ln
+
+

12  r 2 − d 2 r 2
 r 
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(2)

where A is the Hamaker constant (3.2 x 10-20 J) between two magnetite spheres in a polystyrene
matrix, d is the diameter of the magnetite nanoparticles (4.1 nm) and r is the average separation
distance between the nanoparticles in the polymer bilayer.19

The average center-to-center

distance of the nanoparticles in bilayers was estimated to be 7.7 ± 0.9 nm from the area density of
nanoparticles, assuming uniform distribution of nanoparticles in polymer bilayers. The Hamaker
constant, A was calculated using the equation of A212 = (A111/2 – A221/2)2, where A212 is for the
interaction between two magnetite spheres in a polystyrene matrix, A11 is the Hamaker constant
for polystyrene (7.8 x 10-20 J) and A22 is the Hamaker constant for magnetite (2.1 x 10-19).19 The
van der Waals attraction potential is calculated to be 0.008kBT (3.3 x 10-23 J) for the estimated
interparticle distance of 7.7 nm. When the particle distance is 4.6 nm, EVDW is equal to kBT at
room temperature (4.12 x 10-21 J). As the interparticle distance becomes smaller than about 4.6
nm, van der Waals interaction becomes significant.
The nanoparticle aggregation driven by the magnetic dipole interactions was excluded
because the dipole-dipole potential at the interparticle distance was calculated to be two orders of
magnitudes smaller than the thermal energy (4.1x10-21 J) at an interparticle distance of 7.7 nm.
The magnetic attraction potential (U) for two dipoles is given in equation (3),20

 µ0m2 

U = ±
3 
2
π
z



(3)

where µ0 is the magnetic constant (4π x 10 H/m), m is the magnetic moment of 8 nm magnetite
-7

nanoparticles coated with hexadecylamine (77.8 emu/g or 1.5 x 10-20 J/T)21 and z is the distance
between the two dipoles (7.7 ± 0.9 nm). At the inter particle distance of 7.7 nm, the dipoledipole magnetic attraction potential is 9.3 x 10-23 J, which is two orders of magnitude less than the
thermal energy (4.12 x 10-21 J).

The magnetic dipole-dipole attraction potential becomes

comparable to the thermal energy at the interparticle distance (center-to-center) of 2.2 nm, which
is the length of the particle ligand (oleic acid). Therefore, the dipole-dipole attraction was
excluded as a main cause of nanoparticle aggregation. Thus, the contribution of magnetic
interactions should be negligible and the morphological transition should be general for any type
of nanoparticle/amphiphilic composite system.
It is worth noting that the “depletion” mechanism can induce the nanoparticle
aggregation within the bilayers well below the PS glass temperature, while polymer thin films
require thermal or solvent annealing for restructuring.10 This behavior implies that the lateral
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Figure 4.6. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies at a
nanoparticle weight percent of 56 % in a DMF/water mixture (DMF:water = 0.63:0.37). TEM
images measured after 15 hours of mixing (a), after 7 days (b), and after 10 days (c). Scale bars
are 500 nm except the scale bar in the inset (50 nm).
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Figure 4.7. Bilayer to micelle morphological transitions of nanoparticle/polymer assemblies at a
nanoparticle weight percent of 39 %. TEM images were taken right after dialysis (a), after 4 days
(b), and after 44 days (c). Scale bars are 500 nm except the scale bar in the inset (50 nm).
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Figure 4.8. Bilayer-to-micelle morphological transitions of nanoparticle/polymer assemblies
using the polymers PAA38-PS43, PAA38-PS73, and PAA38-PS108. TEM images taken right after
dialysis for the polymers (a) PAA38-PS43, (d) PAA38-PS73, and (g) PAA38-PS108, after 12 days (b)
PAA38-PS43, (e) PAA38-PS73, and (h) PAA38-PS108, and after 26 days (c) PAA38-PS43, (f) PAA38PS73, and (i) PAA38-PS108. Composite bilayer formation at a nanoparticle weight percent of 8%
with 4.6 nm iron oxide nanoparticles and the polymers all have a concentration of 0.04 wt% in
DMF.
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movement of polymers in the composite bilayer system studied here is not completely frozen,
although the lateral mobility of bilayers typically decreases with molecular weight of polymers.2
The bilayer to micelle morphological transition was analyzed for the other composite
bilayers in Figure 4.8. The other composite bilayers were assembled as previously stated above
using the polymers PAA38-PS43, PAA38-PS73, and PAA38-PS108. Here, the "depletion" attraction
forces were analyzed by changing the PS length. The Rg for the polymers PAA38-PS43, PAA38PS73, and PAA38-PS108 are 1.8 nm, 2.4 nm, and 3.9 nm, respectively. Therefore, the bilayer to
micelle transition should be quickest with PAA38-PS108 due to the attraction potential scaling with
2Rg. Yet, as seen in Figure 4.8, the bilayer to micelle transition does not proceed to completion
after 26 days for the three samples. The bilayer to micelle transition does seem to be occurring
because nanoparticle aggregates preceding micelle "budding" are visualized in all TEM images of
the composite bilyers (Figure 4.8).

4.5 Micelle Formation Through "Budding"
Once the nanoparticle-aggregates reach a critical size, spherical micelles containing
nanoparticles are formed through a “budding” process as described in Figure 4.5. The driving
force of this process is attributed to the increased entropy of polymer strands surrounding
nanoparticle aggregates due to the excessive stretching of polymers at the edges of nanoparticleaggregates (indicated by a blue arrow in Figure 4.5). The free-energy penalty, ∆F, associated
with the inclusion of nanoscale objects into a polymer matrix can be estimated by using the
relationship ∆F~kT(L’2 – L2)/Rg2 + γ∆Σ, where k is the Boltzmann constant, T is the temperature,
L’ and L are the change in the polymer dimensions with and without inclusions, γ is the interfacial
tension and ∆Σ is the interfacial area.5 Thus, when the size of the nanoparticle aggregate reaches
a critical value, the stretching penalty of polymers at the edges of the aggregate exceeds a critical
point where the bilayer structure is no longer thermodynamically stable, inducing the phase
transition.5,22 In a control experiment where bilayers were formed without nanoparticles, a
morphological transition did not occur, demonstrating that nanoparticle-aggregates induce the
morphology change of polymeric bilayers.

85

4.6 Conclusions
In summary, this chapter described a unique morphology transition of composite bilayers
induced by the clustering of nanoparticles embedded within the bilayers. Composite bilayer
structures were assembled at various nanoparticle weight percents and with different polymers.
When nanoparticles are incorporated into the bilayer structure, polymer “depletion” mechanism
and van der Waals attraction potential led to clustering of nanoparticles. The stretching of
polymer chains was relieved through a “budding” process of polymer micelles with nanoparticle
cavities inside.

This study demonstrates an unexpected new mechanism through which

nanoparticles can dynamically affect the morphology of polymers assemblies in water.
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Chapter 5: Vesicle Formation with Nanoparticles and Block Copolymers (Part 1)1

This chapter is part one of four involving vesicle structures. The focus of this chapter is the
elucidation of how nanoparticles affect the self-assembly structure of amphiphilic block
copolymers and nanoparticles. Despite the intense interest in the synthesis of multifunctional
nanoparticles through the self-assembly of block copolymers and nanoparticles, little is known
about the impact of nanoparticles on the self-assembly process and resulting structures. The
findings presented in this chapter will allow one to form hybrid structures with desired
morphology and properties. Also, it is worth noting that the nanoparticles used in this chapter
and following ones are prepared by common synthetic procedures, and they were self-assembled
with polymers without further surface modification. This simplifies the procedure and reduces
the change of sample degradation. Thus, the findings in this chapter should be extended to many
different types of commonly synthesized nanoparticles and polymers. Finally, this chapter begins
to study two hypothesizes, hydrophobic and entropic effects, which are believed to be involved
with polymersome formation.

1

Reproduced in part with permission from Hickey, R. J.; Haynes, A. S.; Kikkawa, J. M.; Park, S.J. Journal of the American Chemical Society 2011, 133, 1517. Copyright 2011 American
Chemical Society.
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5.1 Introduction
Polymersomes are technologically important and fundamentally interesting due to their
ability to load both hydrophobic and hydrophilic substances by self-assembly.2-7 A number of
efforts have been made towards encapsulating several different types of nanoparticles into
polymersome walls. For example, several research groups (see work by Maskos and coworkers8
and work by Binder and coworkers9) have incorporated quantum dots or gold nanoparticles in
polymersomes by the film rehydration method. Forster and coworkers prepared oligolamella
vesicles bridged by magnetic nanoparticles.10 Eisenberg and coworkers recently reported an
elegant approach to form well-defined polymersomes incorporated with metal nanoparticles
coated with the same block-polymer as the vesicles.11 However, in most previously reported
well-defined polymersomes, the nanoparticle density in the vesicle wall was substantially lower
than what has been achieved for micelles. In the studies where the nanoparticle loading density
was high, the assemblies were non-uniform and the vesicle structure was difficult to discern.9,12 It
is also worth noting that Eisenberg’s recent report11 stated that their attempts to incorporate PSmodified nanoparticles into the PS wall of PAA-PS polymersomes did not succeed. Due to the
difficulties, most previous work on the self-assembly of amphiphilic block-copolymers and
magnetic nanoparticles were performed with micelles13,14 or irregular polymer/nanoparticle
aggregates15,16 as mentioned above.
This chapter is the first part of four involving vesicle structures. Within chapter 5 (Part
1), we show that while well-established self-assembly principles of amphiphilic block
copolymers2,6,17-24 provide a valuable guideline for the preparation of nanoparticle-encapsulating
block copolymer assemblies, they do not directly apply to the simultaneous self-assembly of
nanoparticles and block copolymers. This aspect is especially important when it is desirable to
achieve high density nanoparticle loading in polymer assemblies. The study described here
reveals how the incorporation of nanoparticles affects the self-assembly structure and how to
control the morphology of nanoparticle-encapsulating polymer assemblies.
Specifically, this chapter shows how the incorporation of nanoparticles drastically affects
the self-assembly structure of block copolymers by modifying the relative volume ratio between
the hydrophobic block and the hydrophilic block. As a consequence, the self-assembly of
micelle-forming block copolymers typically produce magneto-polymersomes instead of magnetomicelles. On the other hand, vesicle-forming polymers tend to form magneto-micelles due to the
solubilization of nanoparticles in polymer assemblies. The modification of the hydrophobic
block is not simply a hydrophobic effect, as will be shown in this chapter. Also, vesicles were
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prepared with mixed nanoparticle sizes. Finally, similar self-assembly procedures for magnetopolymersomes made with PAA-PS were used for biodegradable polymers using poly(ethylene
oxide)-poly(lactic acid) (PEO-PLA).

Magneto-polymersomes assembled with biodegradable

polymers are of medical importance due to their low toxicity effects within cells.25-27

5.2 Experimental
5.2.1 Synthesis of Magneto-Polymersomes using PAA-PS
Self-assembly of 5.6 nm particles and PAA38-PS73 in dioxane/THF (96.8% dioxane)
To generate magneto-polymersomes in high yields, 5.6 nm nanoparticles and PAA38-PS73
were self-assembled in dioxane/THF (96.8% dioxane). The polymer PAA38-PS73 is a micelleforming polymer without the addition of nanoparticles. In typical experiments for a nanoparticle
weight percent of 10 %, a THF solution of 5.6 nm nanoparticles (50 µL of a 1.0 mg/mL) was
mixed with a dioxane solution of PAA38-PS73 (500 µL, 0.9 mg/mL). Then, the total volume of
the nanoparticle/polymer mixture was adjusted to 1.55 mL by adding additional dioxane. The
polymers and nanoparticles were then self-assembled using the slow water addition as stated in
Chapter 2.
For the other procedures, addition of nanoparticles with mixed sizes, OA, and Fe-oleate,
the same procedure was used above. All hydrophobic materials were dissolved in THF and the
concentrations were tuned to change the weight percent.

Self-assembly of 5.6 nm particles and PAA38-PS154 in dioxane/THF (96.8% dioxane)
The same procedure described above for PAA38-PS73 was used for vesicle-forming
polymers (PAA38-PS154).

5.2.2 Synthesis of Superparamagnetic Biodegradable Polymersomes
To generate biodegradable polymersomes in high yields, either 5.8 nm, 9.9 nm, or 16.3
nm particles and PEO45-PLA83 were self-assembled in dioxane/THF (96.8% dioxane). The
polymer PEO45-PLA83 was purchased from Polymer Source, Inc. In typical experiments for a
nanoparticle weight percent of 6 %, a THF solution of 9.9 nm particles (50 µL of a 5.0 mg/mL)
was mixed with a dioxane solution of PEO45-PLA83 (500 µL, 8.0 mg/mL). Then, the total volume
of the nanoparticle/polymer mixture was adjusted to 1.55 mL by adding additional dioxane. The
90

Figure 5.1. Effect of nanoparticles on the self-assembly structure of block-copolymers (PAA38PS73) and nanoparticles (5.6 nm nanoparticle). (a) A TEM image of block-copolymers formed
without nanoparticles showing simple micelles. (b-d) TEM images of co-assemblies formed at
different nanoparticle weight percents (10.0 % (b), 25.0 % (c), 35.8 % (d)). The assemblies were
formed in dioxane/THF (96.8 % dioxane) at a constant polymer concentration (0.03 wt %) with
varying the nanoparticle weight percent. Insets in (b) and (d) are dark-field STEM images. (e) A
bright field STEM image of maneto-polymersomes shown in (d). Vesicle structures are clearly
seen in the bright field STEM image. (f) DLS data of the four different samples presented in a-d.
Consistent with the TEM results, the DLS data show that the assemblies formed at 10.0 % and
25.0 % nanoparticle weight percents are composed of magneto-polymersomes and magnetomicelles, and the assemblies formed at 35.8 % nanoparticle mass fraction contains only magnetopolymersomes. (g) A pictorial description of the relative volume ratio change caused by the
addition of nanoparticles (top), inducing the micelle to vesicle morphological change (bottom).
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polymers and nanoparticles were then self-assembled using the slow water addition as stated in
Chapter 2.
The as-prepared polymersome solution after dialysis is cloudy due to excess polymer in
solution. Therefore, to clean the sample, membrane extrusion was used. A membrane extruder
kit (Avanti Mini-Extruder) purchased from Avanti Polar Lipids, Inc. with a polycarbonate
membrane with 0.4µm pore size was used to purify the polymersomes.

The magneto-

polymersome solution was passed through the membrane 25 times. Because the membrane had
issues with breaking, the as-prepared polymersome solution was diluted by half for successfully
extrusion. After extrusion, the polymersome sample was analyzed using DLS and TEM.

5.3 Magneto-Polymersome Assembly with Micelle-Forming Polymers
Uniform polymersomes packed with magnetic nanoparticles were prepared with PAA38PS73 using dioxane/THF (96.8% dioxane) as the initial solvent (Figure 5.1). When PAA38-PS73 is
self-assembled under the same condition without nanoparticles, it forms simple micelles as shown
in the TEM image and the DLS data (Figure 5.1a, 5.1f). However, even at low nanoparticle
weight percents (10.0 %), magneto-polymersomes emerge along with magneto-micelles (Figure
5.1b, 5.1f). The magneto-polymersome population was increased with the weight percent of
nanoparticles (Figure 5.1b-d, 5.1f). Finally magneto-polymersomes became the only species of
the sample at the nanoparticle mass percent of 35.8 % (Figure 5.1d, 5.1f). The vesicle structure
is well visualized in the bright-field STEM image presented in Figure 5.1e. We attribute the
nanoparticle-induced micelle to vesicle morphological change to the relative volume change
between the hydrophobic and hydrophilic part of block copolymers.

The incorporation of

nanoparticles increases the effective volume taken up by PS, and the relative volume ratio
between the hydrophilic (PAA) and the hydrophobic parts (PS and nanoparticles) becomes more
symmetric and appropriate for vesicle formation as depicted in Figure 5.1g. Similar phenomena
have been observed in thin film studies.28

5.4 Magneto-Polymersome Assembly with Vesicle-Forming Polymers
To further understand magneto-polymersome behavior, vesicle-forming polymers
(PAA38-PS154) were self-assembled with nanoparticles at a series of different nanoparticle mass
percents (Figure 5.2). The self-assembly conditions were kept the same for the two sets of
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Figure 5.2. Effect of nanoparticle weight percents on the self-assembly structure of a vesicleforming polymer, PAA38-PS154 (0.03 wt %) and 5.6 nm particles. (a) A TEM image of blockcopolymers formed without nanoparticles showing vesicles. (b-d) TEM images of co-assemblies
formed at different nanoparticle weight percents (10.0 % (b), 35.8 % (c), 43.8 % (d)). The
assemblies were formed in dioxane (96.8 %) at a constant polymer concentration (0.03 wt %)
with varying the nanoparticle mass percent.

(e) A bright field STEM image of magneto-

polymersomes shown in (c). Vesicle structures are clearly seen in the image. (f) DLS data of the
four different samples presented in a-d. Consistent with the TEM images, the DLS data show that
at low nanoparticle mass percents, magneto-micelles were formed. At higher nanoparticle mass
percents, a mixture of magneto-polymersomes and magneto-micelles were formed.

(g) A

pictorial description of the effect of nanoparticle weight percent on the self-assembly structure of
vesicle-forming polymers.
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experiments presented in Figure 5.1 and Figure 5.2 except the length of PS. Interestingly, at low
nanoparticle weight percents (5.3 %, 10.0 %), vesicle-forming polymers of PAA38-PS154 (Figure
5.2a) generated magneto-micelles (Figure 5.2b, Figure 5.2f). Magneto-polymersomes were not
found in the samples as evidenced by the single DLS peak corresponding to magneto-micelles
(Figure 5.2f). This behavior can be explained by the solubilization of nanoparticles in the
polymer assemblies, which reduces the polymer stretching of the outer polymer layer.

As

nanoparticles are incorporated into the core, PS of the outer polymer layer does not have to
stretch to form micelles of the size of vesicles. Thus, the introduction of nanoparticles induces
the morphological change from hollow vesicles to filled micelles. The same behavior has been
observed for the self-assembly of vesicle-forming PAA-PS in the presence of PS
homopolymers.23 The observation that the diameter of the assemblies do not significantly change
from polymersomes (Figure 5.2f, black) to magneto-micelles (Figure 5.2f, red, green) is
consistent with the explanation. At higher nanoparticle weight percents, magneto-polymersomes
are also formed along with magneto-micelles (Figure 5.2c-d). As shown in the DLS data
(Figure 5.2f), the number ratio of magneto-polymersomes over magneto-micelles increased with
the nanoparticle weight percents. This behavior can be explained by the same rationalization
used to explain the formation of magneto-polymersomes from micelle-forming polymers (Figure
5.1); at high nanoparticle weight percents, incorporated nanoparticles increase the relative volume
of the hydrophobic block, favoring the formation of magneto-polymersomes with a smaller radius
of curvature than magneto-micelles and polymersomes formed without nanoparticles. Figure
5.2g summarizes the morphology change of vesicle-forming polymers with the incorporation of
nanoparticles. At low nanoparticle weight percents, nanoparticles act as solutes, and they are
solubilized into the core of vesicles, forming magneto-micelles. At high nanoparticle weight
percents, magneto-polymersomes emerge along with magneto-micelles with an increasing
number of polymersomes with the amount of nanoparticles. Because longer polymers solubilize
larger amounts of nanoparticles,29 vesicle-forming polymers with long PS chains require larger
amounts of nanoparticles to form magneto-polymersomes (Figure 5.2). On the contrary, micelleforming polymers with short PS chains generate magneto-polymersomes even at low nanoparticle
mass percents because the short polymers cannot solubilize a large amount of nanoparticles
without morphological change (Figure 5.1). Thus, when the nanoparticle weight percent was
kept constant, block copolymers with short PS chain provide higher yields of magnetopolymersomes (Figure 5.3). Moreover, magneto-polymersomes formed with micelle-forming
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polymers (Figure 5.1) were more uniform than those formed with longer, vesicle-forming
polymers.

5.5 Polymer Length Dependence on Polymersome Formation
As mentioned above, the yield of magneto-polymersomes was low when nanoparticles
were self-assembled with vesicle-forming polymers (e.g., PAA38-PS154 and PAA38-PS189) (Figure
5.2). In fact, the number ratio between magneto-polymersomes and magneto-micelles increases
with increasing PAA/PS mole ratio when the assemblies were formed at the same polymer
concentration (0.03 wt %) and nanoparticle mass percent (35.8 %) (Figure 5.3). This trend is
opposite of what is expected for the self-assembly of block copolymers in the absence of
nanoparticles;30 again, without nanoparticles, micelles were formed with a short polymer of
PAA38-PS73, and vesicles were formed with longer polymers of PAA38-PS154 and PAA38-PS189.

5.6 Hydrophobic Effect on Polymersome Formation
As explained above, the incorporation of nanoparticles drastically affects the selfassembly structure of block copolymers.

The hypothesis for the nanoparticle influence in

polymersome formation is that the particles modify the relative volume ratio between the
hydrophobic block and the hydrophilic block. As a consequence, the self-assembly of micelleforming block copolymers typically produce magneto-polymersomes instead of magnetomicelles. On the other hand, vesicle-forming polymers tend to form magneto-micelles due to the
solubilization of nanoparticles in polymer assemblies. The hydrophobic effect explanation does
not include entropic factors. Therefore, the addition of hydrophobic molecules during polymer
assembly was conducted to investigate the hydrophobic affect hypothesis.
As seen in Figure 5.4, polymer micelles with composition of PAA50-PS102 are produced
without the addition of nanoparticles. When Fe-oleate (Figure 5.4b) and oleic acid (Figure 5.4c)
are added to the polymer solution, micelle-like and worm-like micelles are assembled,
respectively. Both the Fe-oleate and oleic acid are at a 25 wt% loading with respect to the
polymer. As seen in Figure 5.4, the structures assembled are not polymersomes. A 25 wt%
loading was used because vesicles are observed when the nanoparticle weight percent is 25 wt%
using the same experimental conditions (Figure 5.1).

Therefore, as seen in Figure 5.4,

polymersome formation is not simply a hydrophobic effect and must involve entropic effects.
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Figure 5.3. (a) A pictorial description of the polymer length dependence on the self-assembly
structure. With decreasing PS lengths, magneto-polymersomes become dominent over magnetomicelles. (b) DLS data of co-assemblies formed with three different length polymers (PAA38PS73, PAA38-PS154, and PAA38-PS189). All self-assembly conditions were kept constant with a
nanoparticle weight percent of 35.8 % and the polymer concentration of 0.03 wt %. The DLS
data indicate that the population of magneto-polymersomes increases with decreasing PS length
as depicted in (a).
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Figure 5.4. Addition of hydrophobic material to micelle-forming polymers (PAA50-PS102). TEM
images of (a) micelles using the polymers PAA50-PS102, (b) micelle-like assembles using the
polymer PAA50-PS102 and Fe-oleate, and (c) worm-like assembles using the polymer PAA50-PS102
and oleic acid. The polymer concentration in 1.5 mL of dioxane was 0.03 wt% and both the Feoleate and oleic acid were at a 25 wt% loading, hydrophobic material to polymers.
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The entropic influence on polymersome formation is discussed in detail in section 5.2 (SizeDependent Self-Assembly of Magneto-Polymersomes).

5.7 Polymersome Formation with Biodegradable Polymers
For magneto-polymersomes to be used in medical applications, biodegradable polymers
are needed.

Biodegradable polymers are desirable because of their degradation and

biocompatible properties.25-27

Therefore, similar self-assembly procedures for magneto-

polymersomes made with PAA-PS were used for biodegradable polymers using poly(ethylene
oxide)-poly(lactic acid) (PEO45-PLA83). Biodegradable polymersomes were assembled with three
different sized iron oxide nanoparticles, 5.8 nm, 9.9 nm, and 16.3 nm (Figure 5.5). As seen in
Figure 5.5, polymersome assembly was successful.

The issue with these biodegradable

polymersomes is that the as-prepared solutions are cloudy due to excess polymer in solution.
Post-assembly processing was needed to clean-up the solution. The polymersomes were
cleaned by passing a diluted, as-prepared polymersome solution through a 400 nm pore size
membrane using a membrane extruder. As seen in Figure 5.6, biodegradable polymersomes are
visualized after membrane extrusion. Also, the DLS spectra for the polymersomes assembled
with 5.8 nm and 9.9 nm are well solubilized and have a satisfactory PDI (0.122 and 0.133 for
polymersomes assembled with 5.8 nm and 9.9 nm iron oxide nanoparticles, respectively). The
DLS spectrum of the polymersomes assembled with 16.3 nm is broad and has a larger PDI, 0.272.
Therefore, post-processing the polymersomes with a membrane extruder using 400 nm pore size
membrane significantly improves the DLS spectrum. Polymersomes assembled with 16.3 nm
particles are still not optimized but are improved after extrusion as compared to as-assembled.
Finally, cryo-TEM confirmed the intact vesicle structure with polymersomes assembled with 5.8
nm particles.
Finally, to test the cytotoxicity of the polymersomes, post-processed polymersomes need
to be dissolved in a 0.1 M phosphate buffer saline (PBS) solution. As seen in Figure 5.6f,
polymersomes assembled with 9.9 nm iron oxide nanoparticles are well dispersed in water as
represented in the DLS spectrum. When the polymersomes are solubilized in PBS, the DLS
changes drastically; yet, there is not a visible change in the solution. The PBS solution looks the
same as the water sample. Currently, the change in the DLS spectrum from polymersomes in
water to PBS is being studied. One hypothesis is that there are osmotic issues with the water and
PBS. In addition to dissolving the polymersomes in PBS,
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Figure 5.5. Biodegradable polymersomes assembled with iron oxide nanoparticles and PEO45PLA83. Three different nanoparticle sizes were used for assembly, (a) 5.8 nm, (b) 9.9 nm, and (c)
16.3 nm. Higher magnification images show the individual nanoparticles, (d) 5.8 nm, (e) 9.9 nm,
and (f) 16.3 nm. The polymer concentration in 1.5 mL of dioxane was 0.26 wt% and the
nanoparticle weight percent in the polymer was 6 wt%.
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Figure 5.6.

Post-processed biodegradable polymersomes assembled with iron oxide

nanoparticles and PEO45-PLA83. Three different nanoparticle sizes were used for assembly, (a)
5.8 nm, (b) 9.9 nm, and (c) 16.3 nm. The polymersomes were cleaned by passing a diluted, asprepared polymersome solution through a 400 nm pore size membrane using a membrane
extruder. (d) DLS spectra of the three post-processed polymersome samples from Figures 5.6a,
b, and c. (e) Cryo-TEM image of a biodegradable polymersome assembled with 9.9 nm iron
oxide nanoparticles. (f) DLS spectra of biodegradable polymersomes assembled with 9.9 nm iron
oxide nanoparticles in water and PBS after post-processing. The polymer concentration in 1.5
mL of dioxane was 0.26 wt% and the nanoparticle weight percent in the polymer was 6 wt%.
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Figure 5.7. MRI contrast ability for biodegradable polymersomes assembled with 9.9 nm iron
oxide nanoparticles in water. The average R2 value calculated for four samples was 279 ± 12 s1

mM-1.
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the MRI contrast ability was studied for polymersomes assembled with 9.9 nm iron oxide
nanoparticles in water. The average r2 value calculated for four samples was 279 ± 12 s-1mM-1.
The 1/T2 (s-1) versus Fe concentration (mM) plot for the four different samples is in Figure 5.7.
The fact that the biodegradable polymersomes have a r2 of 279 ± 12 s-1mM-1 shows that these
polymersomes have the potential for MRI contrast agents, but the system needs to be studied
further for cytotoxicity issues.

5.8 Conclusions
The initial solvent mixture of dioxane/THF (96.8% dioxane) produced magneto-micelles
and magneto-polymersomes in varying ratio depending on the polymer length.

At low

nanoparticle weight percents, vesicle-forming block-copolymers (PAA38-PS154) produced
magneto-micelles instead of magneto-polymersomes because nanoparticles solubilized into the
core of polymer assemblies reduce the polymer stretching. At high nanoparticle weight percents,
the same polymer produced a mixture of magneto-polymersomes and magneto-micelles due to
the nanoparticle-induced change in the relative volume ratio between hydrophobic block and
hydrophilic block. The same phenomena occurred for shorter polymers (PAA38-PS73), which
formed micelles without nanoparticles under the same condition.

When micelle-forming

polymers were self-assembled with nanoparticles, magneto-polymersomes emerged even at very
low nanoparticle weight percents (10.0 %) along with magneto-micelles. At the nanoparticle
weight percent of 35.8 %, magneto-polymersomes were the only species. The added hydrophobic
nanoparticles effectively increase the volume taken up by the hydrophobic block, making the
polymer more symmetric and appropriate for the vesicle formation, which causes the micelle-tovesicle morphology change.
The hydrophobic effect used to explain polymersome formation is more complicated than
initially reported. As presented in Figure 5.4, polymersomes are not formed with the addition of
hydrophobic material. Due to these observations, nanoparticle size must influence polymersome
formation through entropic effects. The entropic influence on the polymers by the particles will
be discussed in the following chapter (6) where the nanoparticle size is changed.
Finally, using similar assembly procedures, biodegradable polymersomes were
successfully assembled using the polymer PEO45-PLA83. The as-prepared samples needed further
post-processing procedures which included using membrane extrusion. Three different sized
nanoparticles were used for the assembly. Polymersomes assembled with 5.8 nm and 9.9 nm iron
102

oxide nanoparticles showed the best DLS plots. Also, MRI contrast ability was determined for
the polymersomes.
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Chapter 6: Size-Dependent Self-Assembly of Magneto-Polymersomes (Part 2)

This chapter is the second part of four involving vesicle structures. Chapter 6 focuses on the
size-controlled self-assembly of polymersomes through the incorporation of nanoparticles,
specifically on the entropic effects of nanoparticle size on polymersome formation.
Polymersomes densely packed with magnetic nanoparticles in the polymersome membrane
(magneto-polymersome) were fabricated with a series of different sized iron oxide nanoparticles
by the cooperative self-assembly of nanoparticles and amphiphilic polymers.

The yield of

magneto-polymersomes increased with increasing the diameter of incorporated nanoparticles.
Moreover, the size of polymersomes was effectively controlled by varying the size of incorporated
nanoparticles. This size-controlled self-assembly of magneto-polymersomes was attributed to the
membrane curvature change caused by the preferable partitioning of nanoparticles in the inner
interface of polymersomes.

The transverse relaxation rates (r2) of magneto-polymersomes

increased with increasing the nanoparticle diameter while decreasing the size of polymersomes,
reaching 555 ± 24 s-1mM-1 for 241 ± 16 nm polymersomes, which is the highest value reported to
date for solution-phase nanocomposites.
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6.1 Introduction
Within chapter 6, the entropic influence of nanoparticles on polymersome formation is
studied.

Specifically, the size-controlled self-assembly of nanoparticle-encapsulating

polymersomes is explored through the size-dependent localization of nanoparticles in
polymersome membranes. In nature, biological vesicles can adopt a broad range of membrane
curvatures and sizes through the intricate and dynamic interactions between phospholipid bilayers
and nanometer-scale intercellular components (e.g., membrane proteins),1,2 which are responsible
for many important cellular processes such as cellular signaling and trafficking.3,4 A similar selfassembly behavior was observed in our nanoparticle-encapsulating polymersomes.

In this

chapter, we show that the incorporated nanoparticles in the polymersome membrane control the
membrane curvature and the size of polymersomes. Based on the strategy, the diameter of
magneto-polymersomes was controlled from roughly 500 nm to 200 nm by varying the size of
incorporated nanoparticles.

Also, the polymersomes assembled have the highest transverse

relaxation rate reported to date for solution-phase nanocomposites.5
This chapter highlights the entropic cost of incorporating nanoparticles with various sizes
into the vesicle wall of composite polymersomes. As stated in chapter 5, the micelle to vesicle
transition with the addition of hydrophobic nanoparticles is hypothesized to be controlled by both
hydrophobic and entropic effects. The hydrophobic effect involves a change to the relative
volume between the hydrophobic and hydrophilic part of block copolymers. The incorporation of
nanoparticles increases the effective volume taken up by PS, and the relative volume ratio
between the hydrophilic (PAA) and the hydrophobic parts (PS and nanoparticles) becomes more
symmetric and appropriate for vesicle formation. Similar trends have been reported in thin film
studies.6
On the other hand, the entropic effect of nanoparticles on the polymers involves polymer
stretching. As the nanoparticle size increases, the polymer strands will have to stretch more to
accommodate the particles. At a certain polymer stretching, this cost of stretching is large. At
this point, the two (particles and polymers) will either phase separate or, the particles will reside
in the center of the lamellar domain. When smaller particles are used, the entropic cost is small,
the particles are either dispersed throughout the domain or reside at the A-B interface of A-B
polymers.7 Therefore, the work presented in chapter 6 focuses on how the particle location
within the polymersome wall influences the polymersome size.
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6.2 Nanoparticle Size Effect on Polymersome Formation
In typical experiments, magneto-polymersomes were formed by inducing the selfassembly of amphiphilic polymers in the presence of oleic acid-stabilized iron oxide
nanoparticles through the slow addition of water. Experimental details were discussed in chapters
2 and 5. A series of different sized iron oxide nanoparticles were synthesized by a modified
literature procedure to study the effect of nanoparticle size on the self-assembly of magnetopolymersomes. The diameters of the nanoparticles were determined to be 5.6 ± 0.5 nm, 5.8± 0.7
nm, 6.4 ± 0.5 nm, 9.9 ± 0.8 nm, 10.8 ± 0.7 nm, 15.5 ± 0.8 nm, 16.3 ± 1.1 nm, and 19.9 ± 1.3,
respectively by transmission electron microscopy (TEM). The as-synthesized nanoparticles were
used for self-assembly without any surface modification. Briefly, PAA38-PS73 in 1,4 dioxane
(dioxane, 1500 µL) and nanoparticles in tetrahydrofurane (THF, 50 µL) were first mixed together
at about 25 nanoparticle weight percent (wt%). Then, 600 µL of water was slowly added to the
solution at the rate of 10 µL/30 sec for 30 min to induce the self-assembly of amphiphilic
polymers and nanoparticles. The resulting co-assemblies were dispersed in water by dialysis and
centrifugation. The prepared co-assemblies was characterized by TEM, scanning transmission
electron microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS), electron energy loss
spectroscopy (EELS), and dynamic light scattering (DLS).
In order to investigate the nanoparticle size effect on the self-assembly of magnetopolymersomes, a range of different sized nanoparticles listed above were self-assembled with the
micelle-forming polymer, PAA38-PS73 at a constant nanoparticle wt% of 25 (Figure 6.1). The
incorporation of nanoparticles induced a micelle to vesicle morphology change, resulting in a
mixture of magneto-polymersomes and magneto-micelles (Figure 6.1a-c). Interestingly, the
population of polymersomes increased with the size of nanoparticles at a constant nanoparticle
weight percent as shown in the data presented in Figure 6.1d and depicted in Figure 6.2; when
the size of nanoparticles was increased from 5.8 nm to 16.3 nm while keeping other conditions
the same, the number percent of polymersomes was increased from about 20 % to 82 %. We
have previously shown that the yield of polymersomes over micelles increases with increasing the
weight percent of nanoparticles.8 For 5.6 nm particles, the yield of polymersomes was nearly 100
% at 36 nanoparticle wt%.8 However, the result shown in Figure 6.1 reveals that larger particles
are more effective in promoting the formation of polymersomes, and smaller particles require a
larger nanoparticle weight percent to achieve the comparable polymersome yield. The result
indicates that the hydrophobic surface of nanoparticles is not the main driving force of the
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Figure 6.1. (a-c) TEM images of magneto-polymersomes assembled with (a) 6.4 nm, (b) 10.8
nm, and (c) 16.3 nm iron oxide particles at 25 nanoparticle wt %. Blue and red arrows indicate
polymersomes and micelles, respectively. (d) TEM analysis of vesicle number percent, which is
defined by 100% times the number of polymersomes over the number of polymersomes and
micelles. Over 200 assemblies were counted for the analysis. (e) Size histogram of magnetopolymersomes determined by TEM.

(f) Normalized DLS data for magneto-polymersomes

formed with a series of different sized nanoparticles at 25 nanoparticle wt %.
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Figure 6.2. A pictorial description showing that the population of magneto-polymersomes over
that of magneto-micelles increases with an increase in nanoparticle sizes at the constant
nanoparticle weight percent.
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morphology change, as the surface area is larger for smaller particles at constant nanoparticle
weight fractions. Rather, the determining factor appears to be the discrete nature and the size of
incorporated nanoparticles. Small particles can reside in the polymer matrix, thus they can be
incorporated into micelles without a morphology change. On the other hand, big nanoparticles
that cannot penetrate the polymer domain prefer to reside at interfaces. Previous thin film studies
of A-B block-copolymers have shown that big particles decorated with A tend to segregate to AA polymer interfaces of a lamella phase while small particles were embedded in A polymer
domains.7,9 In solution phase assembly, large area polymer interfaces can be created by adopting
vesicles or bilayers.

In the present system, it was manifested by the micelle to vesicle

morphology change of amphiphilic polymers where big particles (16.3 nm and bigger) formed
curved 2-D arrays at the PS/PS interface of polymer bilayers as depicted in Figure 6.2. This
result demonstrates that both the nanoparticle size and weight fraction can be varied to control the
overall morphology of nanoparticle/polymer composite particles and the nanoparticle distribution
in the polymer matrix.
The morphology of ionic amphiphilic polymers in aqueous solutions is determined by
many factors: the degree of polymer stretching in the hydrophobic core, the interfacial energy
between two polymer blocks, the interfacial energy between the hydrophobic block and the
solvent, and the repulsive interactions within the corona-forming block.10 Geometric packing
considerations for amphiphiles predicts that the value of the critical packing parameter should be
between 0.5-1 in order to adopt the shape of a truncated cone and thus form vesicles.11,12 The
vesicle structure, however, is more complex than other assemblies in that the inner layer and the
outer layer of vesicle membranes require opposite molecular shapes; the outer layer has a smaller
relative volume for the hydrophobic block, while the inner layer has a larger relative volume for
the hydrophobic block. Thus, to support the asymmetric layered structure of polymersomes, the
inner layer of polymersome membrane should contain more nanoparticles than the outer layer.
For bigger particles, the polymersome membrane can incorporate one monolayer or
submonolayer of nanoparticles at the PS/PS interface in the membrane, but a bigger portion of
each particle should be partitioned in the inner layer. The nanoparticles incorporated at the inner
interface of polymersomes are expected to reduce the stretching energy of polymers in the inner
layer, which can compensate the translational entropy of nanoparticles aligned at the interface.7
We believe that this selective localization of nanoparticles is another important driving force of
the nanoparticle-induced micelle to vesicle morphology change. This hypothesis is consistent
with the previous report that a mixture of
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Figure 6.3. (a) A pictorial description showing how the size of incorporated nanoparticles affects
the size of polymersomes. (b) Schematic representation of the nanoparticle size effect on the
curvature of polymersome membranes. As the nanoparticle size increases, the cone angle of
amphiphilic molecules and the membrane curvature increases, resulting in the reduction of
polymersome sizes.
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Figure 6.4. (a-b) TEM images of magneto-polymersomes assembled with (a) 6.4 nm and (b) 10.8
nm particles at 10 nanoparticle wt %. (c) DLS data for magneto-polymersomes formed with 6.4
nm, 10.8 nm, and 19.9 nm particles. Two peaks at smaller and larger diameters correspond to
micelles and polymersomes, respectively. It is evident that the polymersome population increases
with the size of nanoparticles and that the size of polymersomes decreases with increasing
nanoparticle diameter. (d-e) The diameters of magneto-polymersomes determined by TEM (d)
and DLS (e) for two different nanoparticle wt %. The standard deviation was determined by
three different measurements. (f) The hydrodynamic diameter of magneto polymersomes formed
with 5.6 nm particles as a function of nanoparticle wt %.
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different length PAA-PS form polymersomes by segregating polymers with longer PS chains (or
shorter PAA chains) in the inner layer of polymersomes.13
Interestingly, the polymersome size also changes with the size of incorporated
nanoparticles (Figure 6.1e-f). With increasing nanoparticle diameter, the size of polymersomes
is concomitantly reduced. As presented in Figure 6.1e, the size of the magneto-polymersome
was decreased from 479 ± 65 nm to 294 ± 43 nm as the nanoparticle size was increased from 6.4
nm (Figure 6.1a) to 16.3 nm (Figure 6.1c). This size-dependent behavior was confirmed by
DLS (Figure 6.1f). The hydrodynamic diameters of magneto-polymersomes determined by DLS
were 513 ± 76 nm, 405 ± 75 nm, 285 ± 89 nm, and 257 ± 90 nm for nanoparticle diameters of 5.8
nm, 6.4 nm, 10.8 nm, and 16.3 nm, respectively. The sizes of polymersomes obtained by TEM
are slightly larger than the sizes determined by DLS because polymersomes tend to be somewhat
flattened out upon drying on TEM grids as previously shown by Lecommandoux and
coworkers.14 However, both data sets showed the same trend. It is also noteworthy that the size
distributions of polymersomes are quite low (~ 15 % standard deviation) unlike the
polymersomes prepared by film hydration (~ 100 nm – 10 μm).15

These results clearly

demonstrate that the size of polymersomes can be effectively controlled by varying the size of
nanoparticles.
The size-controlled assembly of polymersomes can be also explained by the preferential
partition of nanoparticles in the inner layer of polymersome membrane. As depicted in Figure
6.3, smaller particles can occupy both inner and outer layers although nanoparticles are likely to
be more concentrated in the inner layer. For large nanoparticles (16.3 nm and bigger), the
polymersome membrane can support only one monolayer of nanoparticles presumably at the
PS/PS interface but towards the inner layer (Figure 6.3 middle, right). The selective partitioning
of nanoparticles in the inner interface is expected to be more pronounced for bigger nanoparticles.
Thus, the cone angle of the inner layer and the curvature of the membrane should become larger
for bigger particles resulting in smaller polymersomes (Figure 6.3).
On the other hand, nanoparticle wt% did not substantially affect the size of
polymersomes. Figure 6.4 presents the self-assembly behavior at two different nanoparticle
wt%.

The EDS line scan of magneto-polymersomes showed a larger FWHM for higher

nanoparticle wt% as expected, indicating that the nanoparticle/polymer ratio in polymersomes is
proportional to the initial ratio used for the self-assembly (Figure 6.5i-p). Both TEM analysis
(Figure 6.4a,b,d) and DLS data (Figure 6.4c,e) indicated that the sizes of polymersomes formed
at the two different nanoparticle wt% (10 % and 25 %) are not substantially different, indicating
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that the nanoparticle wt% does not significantly affect the size of magneto-polymersomes. The
size data obtained for three different batches of polymersomes formed at different nanoparticle
wt% using the same sized particles also confirmed that the size of polymersomes does not change
significantly with nanoparticle wt% (Figure 6.4f). Thus, the nanoparticle wt% only affects the
polymersome population but not the polymersome size. On the other hand, nanoparticle size
impacts both the yield and the size of polymersomes.

These results confirms that the

nanoparticle-based size control is not a simple hydrophobic effect, and the discrete nature of
nanoparticle and the size selective localization is critical in the size-controlled self-assembly of
magneto-polymersomes.

6.3 Polymersome Formation with Mixed Nanoparticle Sizes
As stated above, the polymersome size is controlled by the nanoparticle size, not the
nanoparticle weight percent. The change in polymersome size with respect to nanoparticle size is
attributed to the preferential particle location within the polymersome membrane. For example,
as depicted in Figure 6.3b, as the nanoparticle size increases, the particle location is focused to
the PS-PS interface of the vesicle wall.

This particle location focusing forces a particle

monolayer to form. Smaller particles on the other hand form multiple layers with interpenetration
into the PS domain of the vesicle wall. Therefore, the work in this section involves assembling
polymersomes in the presence of two different size nanoparticles (5.8 nm and 16.3 nm) (Figure
6.6). This study will allow for the visualization by electron tomography of nanoparticle location
within the polymersome wall.
As seen in Figure 6.6, polymersomes were successfully assembled with mixed
nanoparticle sizes. Also, polymersomes were assembled with single nanoparticle sizes. Figure
6.6a and Figure 6.6d show TEM images of polymersomes assembled with either 5.8 nm or 16.3
nm iron oxide nanoparticles, respectively. Figure 6.6b and Figure 6.6c show TEM images of
polymersomes assembled with a mixture of 5.8 nm and 16.3 nm iron oxide nanoparticles with
weighted averages with diameters 11.1 nm and 14.6 nm, respectively. Electron tomography of
these four samples will allow for visualization of nanoparticle distribution within the vesicle wall.
Expected tomography data for the single particle case, if nanoparticle distribution is dependent on
particle size, will reveal that smaller particles (5.8 nm) are located throughout the vesicle wall and
larger particles (16.3 nm) reside at the PS-PS interface in a monolayer. The expected tomography

114

Figure 6.5. Fe intensity line scans obtained by EDS for magneto-polymersomes formed with (ad) 6.4 nm particles at 25 nanoparticle wt%, (e-h) 10.8 nm particles at 25 nanoparticle wt%, (i-l)
5.6 nm particles at 10 nanoparticle wt%, and (m-p) 5.6 nm particles at 36 nanoparticle wt%. (a, e,
i) Bright-field STEM images of polymersomes. (b, f, j) EDS Fe line scan. (c, g, k) The peaks at
the left sides of the polymersomes fitted with a Gaussian function. (d, h, i) The peaks at the right
sides of the polymersomes fitted with a Gaussian function. The FWHM were determined to be
69 ± 11 nm, 51 ± 12 nm, 28 ± 7 nm, and 58 ± 9 nm for 6.4 nm (25 wt %), 10.8 nm (25 wt %), 5.6
nm (10 wt %), and 5.6 nm (36 wt %), respectively from the fitting. Over twenty polymersomes
were examined for each sample for the analysis.
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Figure 6.6. Polymersome assembly with single and mixed nanoparticle sizes. This study will
allow for the visualization of nanoparticle location within the polymersome wall.

Single

nanoparticle sizes, (a) 5.8 nm and (d) 16.3 nm, were used in polymersome assembly. Mixed
nanoparticle sizes using 5.8 nm and 16.3 nm with weighted averages of (b) 11.1 nm and (c) 14.6
nm were used in polymersome assembly. The polymer used to make polymersomes was PAA50PS102 (0.03 wt% in 1.5 mL of dioxane) with a nanoparticle weight percent of 25 %.
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data for the mixed particle case will reveal the same data as hypothesized above, but with both
particle sizes in the vesicle wall in their size dependent locations.

6.4 Transverse Relaxivity Rates of Polymersomes
To evaluate the magneto-polymersomes for their potential uses as MRI contrast agent,
transverse relaxivity rates (r2) were measured for magneto-polymersomes prepared from different
sized nanoparticles (Figure 6.7). Transverse relaxivity times (T2) of the protons of water in the
aqueous solutions of magneto-polymersomes were determined using a Bruker mq60 MR
relaxometer operating at 1.41 T (60 MHz).

The inverse relaxation times (1/T2) vs. iron

concentration plots are provided in Figure 6.8. The r2 values were calculated from the data and
plotted in Figure 6.7 along with the size of the polymersomes. It is apparent that r2 values
increase with increasing nanoparticle diameter and decreasing polymersome size. This result is
ideal as both smaller sized polymersomes and high r2 values are desirable for MRI applications of
magneto-polymersomes.

Polymersomes assembled with 15.5 nm particles had an average

diameter of 241 ± 16 nm (DLS), which is comparable to the size of typical polymersomes (~ 300
nm) made by the thin film rehydration and membrane extrusion.16 The r2 value of the 241 ± 16
nm sized magneto-polymersomes was 555 ± 24 s-1mM-1, which is the highest value reported thus
far for solution-phase nanocomposites.5

6.5 Conclusions
To conclude chapter 6, polymersomes densely loaded with iron oxide nanoparticles were
fabricated by the cooperative self-assembly of nanoparticles and amphiphilic polymers of PAAPS.

It was found that the yield of polymersomes increases with the size of incorporated

nanoparticles as well as nanoparticle weight percent. The size-dependent morphology change
was explained by the selective localization of larger nanoparticles at the interface between
polymer bilayers. Furthermore, the size of polymersomes was controllable with relatively low
polydispersity (~15 %) by varying the size of nanoparticles. This size-controlled self-assembly of
polymersomes was explained by the preferable partitioning of nanoparticles at the inner interface
of polymersome membranes and the consequent membrane curvature changes, which is
reminiscent of how protein binding and clustering affect the curvature of cell membranes. Based
on the bio-inspired approach, we were able to reduce the polymersome diameter from 513 ± 76
nm to 257 ± 90 nm by increasing the nanoparticle diameter from 5.8 nm to 16.3 nm. Note
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Figure 6.7. Transverse relaxivity rates (r2) for magneto-polymersomes assembled with different
sized iron oxide nanoparticles at 25 nanoparticle wt %. The r2 values (black) were calculated to
be 295 ± 24 s-1mM-1, 378 ± 35 s-1mM-1, 561 ± 38 s-1mM-1, and 555 ± 24 s-1mM-1 for magnetopolymersomes made from iron oxide nanoparticles of diameter 5.6 nm, 6.4 nm, 10.8 nm, and 15.5
nm, respectively. The sizes of the magneto-polymersomes (red) from Figure 6.1 were plotted
along with the r2 values. The standard deviations of the r2 values were determined from at least
three separate samples. The plots of inverse transverse relaxation time (1/T2) versus iron molar
concentration are provided in Figure 6.8.
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Figure 6.8. Inverse transverse relaxation times (1/T2) versus the iron molar concentration [Fe] of
magneto-polymersomes assembled with various iron oxide nanoparticles; (a) 5.6 nm, (b) 6.4 nm,
(c) 10.8 nm, and (d) 15.5 nm. Different colored dots correspond to different measurements.
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that controlling the size of polymersomes is a challenging task because they are often kinetically
trapped structures. Currently most polymersome studies rely on a post-assembly process called
membrane extrusion, which is effective only for fluidic polymers.15 The nanoparticle-induced
self-assembly of polymersomes reported here provides a new and reliable way to form sizecontrolled nanocarriers while adding new functionalities of nanoparticles.

The r2 value of

magneto-polymersomes was found to increase with increasing nanoparticle diameter and thus
decreasing the polymersome size, which is ideal for their in-vivo applications. The smallest
polymersome (241 ± 16 nm) prepared in this study showed R2 of 555 ± 24 s-1mM-1, which is the
largest value reported thus far for solution-phase nanocomposites.5
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Chapter 7: Polymersomes Decorated with Gold Nanoparticles (Part 3)

This chapter is the third part of four involving vesicle structures. Chapter 7 focuses on how
quasi-hydrophobic particles interact with vesicle-forming polymers. This chapter explains how
to assemble polymersomes decorated with gold nanoparticles (AuNPs) using block copolymers
with compositions of polystyrene-poly(acrylic acid) (PS-PAA) and poly(ethylene oxide)polylactide (PEO-PLA).

Polymersomes were assembled with quasi-hydrophobic AuNPs

functionalized with 11-mercapto-1-undecanol (MUL) and vesicle-forming polymers. When the
nanoparticle volume fraction is increased to 4.6 %, multi-component vesicles are formed due to
the trapping of the morphology transition from vesicles to higher curvature structures. The
morphology transition is due to swelling of the PAA chains caused by the hydrogen bonding
between the -OH groups of the MUL ligand on the surface of the AuNPs and carboxylic acid
groups of the PAA corona. This chapter presents additional information for "guidelines" in
manufacturing nanoparticle/polymer nanocomposites with desirable properties.
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7.1 Introduction
From natural cell membranes to biomedically-relevant structures made from their
synthetic analogues, vesicles made of lipids, polymers, proteins, and dendrimers have impacted
many areas of science.1-6 Polymersomes, vesicles assembled of amphiphilic polymers, are of
technological importance for their use as nanoreactors, or drug delivery and medical imaging
vehicles.2,3,7-10 Synthetic vesicles assembled with polymers have increased stability and chemical
diversity compared to their natural counterparts. Specifically, block copolymer synthesis has
made it possible to combine very different monomeric units with properties that include optical
and biological recognition using conjugated polymers and DNA.11,12 Also, physical properties
involving membrane thickness, permeability, fluidity, and composition can be easily controlled
through synthetic routes.7,13
In addition to the wealth of chemical possibilities of polymers, combining inorganic
nanoparticles with polymersomes increases the possibility for multifunctionality.14-27 Depending
on the nanoparticle (semiconducting, magnetic, or plasmonic), desired functionality of the
particles in combination with polymeric properties creates new and exciting materials. When
combining the two components to form nanocomposites, studies have shown that polymers do not
simply template nanoparticle arrangement. There is an interplay between enthalpy and entropy of
the system which will dictate the final morphology.18,28,29 Therefore, specific "guidelines" must
be determined for the possibility of manufacturing nanocomposites with desirable properties.
Currently, there are various examples of incorporating nanoparticles into polymersomes.
In these, the nanoparticles are located in the vesicle wall, at the interface between the wall and
corona, within the corona, or in the vesicle stomatocyte.18 For nanoparticles located in the vesicle
wall, there are two common procedures; either utilization of hydrophobic interactions of the
nanoparticles and the vesicle wall or functionalization of the particles with the same block
copolymer as the vesicle.14,20 In the case of hydrophobic interactions, we have recently found that
nanoparticles play an active role in dictating nanocomposite morphologies.14 We observed that
when nanoparticles are added to micelle-forming polymers, vesicles with a high density of
nanoparticles located in the wall are formed.14 Nanoparticles with mixed polymer strands locate
at the interface of the vesicle wall and corona.15 As for nanoparticles located in the corona, either
the corona polymer strands replace the nanoparticle ligand or there is a chemical binding process
like "click" chemistry.19,21

Finally, Wilson and co-workers showed how hydrophilic Pt

nanoparticles are artificially endocytoced into the stomatocytes of polymersomes.22,23
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Figure 7.1. Co-assembly of AuNPs and PS-PAA block copolymers.

124

Figure 7.2. Scheme representing how AuNPs do not decorate preformed polymersomes.
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While the work in the chapter addresses similar self-assembly procedures to those
presented in chapters 5 and 6, the major difference is that in this chapter, the particles used are
quasi-hydrophobic. Therefore, the particle-polymer interactions are different. In the previous
chapters (5 and 6), hydrophobic iron oxide nanoparticles were encapsulated into polymersomes.
Here, we show how quasi-hydrophobic gold nanoparticles decorate both interfaces of the
polymersome wall and corona (Figure 7.1).
30

reported by our group.

This work builds on similar work previously

We found that by changing the surface chemistry of nanoparticles, we

can control the location of the nanoparticles from the center of polymeric micelles to the
polystyrene(PS)/poly(acrylic acid)(PAA) interface. The driving force for the change in particle
location within polymeric micelles is the reduction in interfacial energy between the two blocks.
In addition to controlling the nanoparticle location within polymeric micelles, we were able to
decorate preformed structures, micelles and worm-like micelles. Initially, we tried to decorate
pre-formed polymersomes but observed macrophase separation under the same conditions as used
in previous work (Figure 7.2). Furthermore, this work adds to the list of "guidelines" for
combining nanoparticles to polymersomes through co-assembly. As progress is made in the field
of solution-phase nanocomposites, the defining principles in nanoparticle-polymer interactions
will help in assembling structures for various applications.

7.2 Experimental
7.2.1 Materials
Gold (III) chloride trihydrate (HAuCl4·3H2O, >99.9%), 11-mercapto-1-undecanol (MUL,
>97%), Tetraoctylammonium bromide (TOAB, 98%), sodium borohydride (NaBH4, 99%) were
purchased from Sigma-Aldrich. Block copolymers, polystyrene-poly(acrylic acid) (PS-PAA,
PS(15000)-PAA(3600), PS144-PAA49, Mw/Mn:1.2), poly(ethylene)-polylactide (PEO-PLA,
PEO(2000)-PLA(6000), PEO45-PLA83, Mw/Mn:1.3), poly(ethylene oxide)-poly(ε-caprolactone)
(PEO-PCL,

PEO(2000)-PCL(4800),

Mw/Mn:1.12),

and

poly(ethylene

oxide)-poly(ε-

caprolactone) (PEO-PCL, PEO(5000)-PCL(15000), Mw/Mn:1.7) were purchased from Polymer
Source, Inc. All solvents, ethanol and tetrahydrofuran, were purchased from Fischer Scientific.
Deionized water (Millipore Milli-Q grade) with resistivity of 17.9 MΩ was used in all
experiments.
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7.2.2 Characterization
Conventional TEM images were taken using a JEOL 1400 electron microscope, and
STEM images were acquired using a JEOL 2010F electron microscope. All EDS data was
carried out using the JEOL 2010F. Cryo-TEM samples were prepared using lacey carbon grids
stabilized with Formvar (200 mesh, Ted Pella, part number 01890-F). Initially, the grids were
prepared by removing the Formvar coating by submerging the grids in chloroform (30 sec) and
drying. After drying, the copper side of the grid was coated with carbon using a Quorum Q150T
ES. After the carbon coating, both sides of the grid were cleaned (15 sec) using a plasma cleaner
(Gatan, Solarus Advanced Plasma System Model 950) in the presence of hydrogen and oxygen
gas. Then, 2 µL of sample were applied to the grid and blotted away. 4-6 seconds after the initial
blotting of the sample, the grid was rapidly plunged into liquid ethane (Plunger station: Gatan
Cp3) and then transferred to a liquid nitrogen cooled cryo-TEM holder (Gatan CT3500TR) for
imaging. Cryo-TEM images were taken using a JEOL 2010.

7.2.3 Synthesis of Gold Nanoparticles
Gold nanoparticles were synthesized using 11-mercapto-1-undecanol as the stabilizing
agent following a modified literature method.30,31

Specifically, 34.5 mg (0.1 mmol) of

HAuCl4·3H2O were dissolved in 3 mL of water, and 0.2187 g (0.4 mmol) of TOAB were
dissolved in 7 mL of toluene, separately. The two solutions were mixed and stirred until gold
precursors were transferred to the toluene phase and the water phase became colorless. Then, 20
mg of MUL was dissolved in 1 mL of toluene, and the solution was added to the mixture of gold
precursor and TOAB. The mixture was left stirring for 20 min. Then, the reducing agent NaBH4
(1 mmol in 100 μL of water) was quickly added to the mixture. After the addition of NaBH4, the
solution was allowed to stir for 3 hrs. Nanoparticles were collected by centrifugation (8,000 rpm
for 5 min). The supernatant was decanted and the particle aggregate was redispersed in 5 mL of
ethanol. The particles were precipitated by adding an excess amount of toluene (35 mL) and
collected by centrifugation (8,000 rpm for 10 min). The supernatant was decanted and the
nanoparticle precipitate was redissolved in ethanol. The nanoparticles were washed three times
total in order to remove excess ligands.
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7.2.4 Co-assembly of Gold Nanoparticles and Block Copolymers
To generate polymersomes decorated with AuNPs, 150 µL of AuNPs (3.05 µM) were
slowly added (10 µL/30 sec) to 1.5 mL of a polymeric solution of PS144-PAA49 (0.01 wt%) in
tetrahydrofuran (THF) while being mixed by a magnetic stir bar. After addition of the particles,
450 µL of water were added drop-wise (10 µL/30 sec) to initiate co-assembly of nanoparticles
and polymers. The solution was mixed overnight (15 hrs), then 1.5 mL of water was added over
15 min, and finally dialyzed against water (17.9 MΩ). Then, the sample was dialyzed against
water for 24 hours, and concentrated by centrifugation (14,000 rpm, 30 min).

The same

procedure was used to generate biodegradable polymersomes and micelles with AuNPs. Instead,
1.5 mL of a polymeric solution of PEO45-PLA83, PEO45-PCL49, and PEO114-PCL153 (0.01 wt%) in
THF was used instead.

7.3 Gold Decorated Polymersomes
As stated previously, we were successful in assembling polymersomes decorated with
gold nanoparticles (AuNPs) at the PS-PAA interface (Figure 7.1). The AuNPs, functionalized
with 11-mercapto-1-undecanol (MUL), were synthesized by a modified Brust method.30,31 In a
typical co-assembly experiment, 150 µL of AuNPs (3.05 µM) were slowly added (10 µL/30 sec)
to 1.5 mL of a polymeric solution of PS-PAA (0.01 wt%) in tetrahydrofuran (THF). After
addition of the particles, 450 µL of water were added drop-wise (10 µL/30 sec) to initiate coassembly of nanoparticles and polymers. The solution was mixed overnight (15 hrs), then 1.5 mL
of water was added over 15 min, and finally dialyzed against water (17.9 MΩ). Well-defined
polymersomes decorated with MUL functionalized AuNPs were characterized by scanning
transmission electron microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS). The
EDS Au intensity data exhibits the signature line profile of nanoparticles decorating a sphere
(Figure 1).14,32 We believe the particles decorate both PS/PAA interfaces during the co-assembly
in order to reduce the interfacial energy between the two blocks as found in previous work.30
Without the addition of AuNPs, the PS-PAA form polymersomes (Figure 7.3a).
The co-assembly process is similar to work recently reported where hydrophilic
nanoparticles are trapped within the stomatocyte of polymersomes.22,23 In that work, the particles
were added after initial water addition (~26 vol% water) to trap the added nanoparticles in the
stomatocytes. Here, we add the nanoparticles before the addition of water. As can be seen in
Figure 7.4a, the AuNPs are loosely associated with the polymers before water addition. At 73
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Figure 7.3. Characterization of AuNP decorated polymersomes by co-assembly. Self-assembled
polymersomes (a) without AuNPs and (b) with AuNPs. (c) High magnification of a single
polymersome showing AuNPs. (d) A bright-field STEM image showing a single polymersome
with the red line corresponding to the EDS Au intensity profile. The volume fraction of gold to
polymer is 1.2 %.
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Figure 7.4. AuNP decorated polymersome formation by co-assembly at different water volume
fractions, (a) 0 %, (b) 48 %, (c) 73 %, and (d) 100 %. (e) A scheme showing how AuNP
decorated polymersomes are formed during water addition and dialysis. The volume fraction of
gold to polymer is 1.2 %.
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vol%, it is observed that polymersomes are formed and nanoparticles are decorating the
polymersome.

Finally, after dialysis, the polymersomes are formed with a high density of

AuNPs. The large polymer/nanoparticle aggregates in the 48 vol% water are still solvated with
THF. As a result, the thermodynamically driven process of nanoparticles decorating the PAA-PS
interface is small.

Therefore, the nanoparticle density is lower compared to the final

polymersome structure on 100 vol% water. Due to these observations, we hypothesize that at low
water volume percentages, nanoparticles can easily cross the PS vesicle wall. Once the water
content reaches a certain point, the particles cannot cross the vesicle wall due to unfavorable
interactions between the nanoparticles and PS. The particles that crossed the vesicle wall at low
water volume percentages are trapped in the vesicle and begin decorating the inner interface of
the polymersome (Figure 7.4).

When the MUL capped AuNPs are added to preformed

polymersomes, the particles do not have the ability to cross the PS bilayer and decorate both sides
of the polymersome which causes polymersome deformation and macrophase aggregation
(Figure 7.2).

7.4 Incorporation of Gold Nanoparticles into Multi-Component Vesicles
Interestingly, as the nanoparticle volume fraction increases, we form multi-component
vesicles (Figure 7.5). At a volume fraction of 1.2 %, AuNPs decorate polymersomes uniformly
as seen in Figure 7.3.

At lower volume fractions (0.6 %), AuNP density is low on the

polymersomes (Figure 7.6). As the AuNP volume fraction increases, the density of AuNPs in the
polymersomes increases. This is visualized in the TEM images where the polymersomes look
significantly darker. Multi-component vesicles are formed at a AuNP volume fraction of 4.6 %.
Multi-component vesicles, or large compound vesicles (LCVs) were first reported by Eisenberg
and co-workers with the same PS-PAA polymers.33,34 In this work, PS-PAA LCVs were created
by adding a strong acid (HCl) or ions (CaCl2) during the formation of polymeric aggregates.33,34
In the case of HCl, the strong acid protonates the PAA corona strands and reduces the
electrostatic interchain repulsion. As for CaCl2, the Ca+2 ions bind to the carboxylate ions of the
PAA chains, reducing the number of free carboxylate ions which in return will reduce the
electrostatic interchain repulsion.
Alternatively, here we hypothesize that multi-component vesicles are formed as a result
of a morphology transition from vesicles to higher curvature structures.

The morphology

transition occurs due to the swelling of the PAA chains which increases the PAA volume fraction
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Figure 7.5. Formation of multi-component vesicles with AuNPs. (a) Scheme representing
formation of multi-component vesicles at increased AuNP concentrations. (b,c) Co-assembly of
AuNPs and polymers at a AuNP volume fraction of 4.6 %.
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Figure 7.6. (a-c) Co-assembly of AuNPs and polymers at a AuNP volume fraction of 0.6 vol%.
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(fAA) by the AuNPs hydrogen bonding to the carboxylate ions. The morphology transition does
not go to completion because the nanoparticles cross-link the PAA chains, trapping the transition.
Previous work involving tuning block copolymer morphology through hydrogen bonding has
shown how with the addition of either molecular surfactants or nanoparticles with ligands that
hydrogen bond to a specific block of the block copolymer induce disorder-order and order-order
transitions by changing the relative block lengths of the polymers.35-38

7.5 Co-assembly of Gold Nanoparticles and Biodegradable Polymers
Finally, AuNPs decorating polymersomes using biodegradable polymers, poly(ethylene
oxide)-poly(lactide) (PEO-PLA), were assembled using the same co-assembly procedure as stated
previously (Figure 7.7).

Biodegradable polymers are of interest due to their biomedical

applications and biodegradable properties. Here, the polymer PEO45-PLA83 was used because the
PEO volume fraction (fEO) is 0.24.

As reported by Discher and co-workers, PEO volume

fractions in the range of 0.20-0.42 result in polymersome formation.39,40 We observed that under
the slow addition technique for polymer self-assembly, PEO45-PLA83 polymers form layers and
big aggregates (Figure 7.7a). As a note, Discher and co-workers observed vesicles using film
hydration techniques.39,40 When AuNPs capped with MUL and PEO45-PLA83 are co-assembled,
polymersomes are formed (Figure 7.7). Cryo-TEM images confirm the vesicle structure in
solution (Figure 7.7).
The morphology of AuNP/polymer aggregates depend on the biodegradable polymer
used in the co-assembly process. We observed micelles densely packed with AuNPs when
poly(ethylene oxide)-poly(ε-caprolactone) (PEO-PCL) is used (Figure 7.8). Specifically, two
sets of PEO-PCL polymers were assembled with AuNPs, PEO45-PCL49 and PEO114-PCL153 with
fEO of 0.30 and 0.25, respectively. The change in morphology from polymersomes to micelles
when using PEO-PLA and PEO-PCL polymers with similar fEO is not well understood. One
explanation is that PCL polymers are semi-crystalline, and with the addition of AuNPs, micelles
form.41 Without the addition of nanoparticles, the polymers form large aggregates during the
slow water addition.
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Figure 7.7. Nanoparticle influence on polymersome formation with biodegradable polymers.
Co-assembly of AuNPs and PEO45-PLA83 at AuNP volume fraction of 1.2 %. (a) Cryo-TEM
image of PEO45-PLA83. (b) Conventional TEM image of AuNP and PEO45-PLA83 polymersomes.
(c-d) Cryo-TEM images of AuNP and PEO45-PLA85 polymersomes.
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Figure 7.8. TEM images of AuNPs encapsulated within biodegradable polymeric micelles. The
block copolymers used were PEO45-PCL49 (a) and PEO114-PCL153 (b).
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7.6 Conclusions
In conclusion, chapter 7 explains how to assemble polymersomes decorated with AuNPs.
In the preceding chapters (5 and 6), hydrophobic particles were used to assemble polymersomes
densely packed with hydrophobic nanoparticles. In that work, micelle-forming polymers are
needed because the hydrophobic particles change the relative volume of the hydrophobic block,
thus forming polymersomes. In this chapter, quasi-hydrophobic particles decorate polymersomes
when co-assembled with vesicle-forming polymers.

Interestingly, at increased nanoparticle

volume percents, multi-component vesicles are formed due to the hydrogen bonding between the
-OH groups of the MUL ligand and the carboxylic acid groups of the PAA corona. As for
biomedical relevance, polymersome assembly works with the biodegradable polymer PEO45PLA83. Yet, when PEO-PCL polymers with similar fEO are used, micelles are formed. The coassembly technique presented here provides a powerful way to control nanoparticle location in
colloidal polymer systems.
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Chapter 8: Vesicles Assembled with Inorganic Amphiphiles (Part 4)

In this final chapter, and fourth part of four involving vesicle structures, a method is presented
for assembling as-synthesized gold nanoparticles (AuNPs) into vesicles.

The AuNPs were

synthesized by a revised Brust method and were functionalized with 11-mercapto-1-undecanol
(MUL).

Vesicle formation is caused by van der Waals attractions and asymmetric ligand

distribution on the particles. Adjacent nanoparticles induce asymmetric ligand distribution and
force a reorganization of the ligands on the particle surface. Larger vesicles and tubular
structures were also assembled with the help of excess oleic acid (OA) and MUL ligands. This
work presents a way for controlled assembly of nanoparticles into higher ordered structures
utilizing nanoparticle-nanoparticle interactions.
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8.1 Introduction
Higher ordered colloidal structures composed of inorganic nanoparticles are known as
superparticles.1 Understanding and controlling the assembly of these structures are important
issues in advancing the field of nanotechnology. Higher ordered nanostructures are found to
exhibit properties not observed in isolated particles.2-6 Currently, various techniques have been
used to assemble nanoparticles into colloidal superparticles.1

The colloidal superparticle

structure, shape, and physical properties are tuned through the interplay of particle-particle
interactions (van der Waals, magnetic, or electrostatic), particle shapes, and solvent
interactions.1,7-9 Experimental and molecular simulations have shown that particle assembly in
some cases is similar to surfactant, block copolymer, or liquid crystal assembly processes.10-12 In
other cases, nanoparticle shapes, topologies, and ligands drive assembly processes into new and
exciting materials not observed in surfactant, block copolymers or liquid crystal systems.11,13
Currently, there is a wealth of information involving inorganic nanoparticle synthesis. To
date, there are various synthetic protocols for controlling nanoparticle size, shape, composition,
and surface chemistry.5,14-17 The next step is utilizing these particles, or building blocks, in the
form of superlattices or colloidal superparticles for various applications. For example, Murray
and coworkers have developed thin film nanocrystal superlattices composed of single, binary, and
ternary building blocks,18-21 whereas Cao and coworkers developed colloidal superparticle
assembly with spheres, rods, and cubes.7-9 In all of these cases, higher ordered structures were
produced by creative preparations using either various interfaces or controlling solvophobic
interactions.
Other examples of particle assembly take advantage of particle anisotropies. Particle
anisotropies include particle ligand patchiness, ligand tethering, aspect ratio, faceting, and degree
of branching.22 Specifically, simulations by Glotzer and coworkers involving particles with
tethered oligomers self-assemble into various structures.11 Tethered oligomers are interesting
because they allow for solvent selectivity.11 For example, lamellar morphologies composed of
nanoparticle bilayers were predicted when a single tether on the particle was solvophilic and the
particle was solvophobic.11
spherical bilayers.12

Experimentally, work with functionalized fullerenes produced

Specifically, anionic pentaphenyl fullerenes (Ph5C60-) assemble into

spherical bilayers similarly to amphiphilic molecules.12 In addition, changing polymer grafting
density on colloidal CdSe/CdS nanoparticles has been shown to lead to isolated particles or
particle aggregates in the form of strings and vesicles.10 At high grafting densities, isolated
particles were observed. As the grafting density decreased, particle strings form and finally,
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Figure 8.1.

Quasi-hydrophobic nanoparticles self-assemble into vesicles during slow water

addition. (a) Schematic representation of vesicle formation. (b-c) TEM and (d-e) Cryo-TEM
images of vesicles assembled of gold nanoparticles. AuNP initial concentration in 150µL of
ethanol was 3.0 µM.
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Figure 8.2. Nanoparticle concentration influence on vesicle formation. (a-c) TEM and (d-f)
Cryo-TEM images of vesicles assembled of gold nanoparticles with increasing concentration, 0.6

µM (a,d), 3.0 µM (b,e), and 15.0 µM (c,f), respectively.
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vesicles are observed. This work is similar to thin film studies involving polymer grafting density
on silica nanoparticles and shows how anisotropic structures are produced from isotropic
particles.23
Chapter 8 is the last part of four involving vesicle structures. This chapter discusses how
inorganic amphiphiles assemble into vesicles (Figure 8.1). The vesicle formation is attributed to
van der Waals attractions and asymmetric ligand distribution due to reorganization of the ligands
on the particle surface caused by adjacent particles. This work is similar to results published by
Kotov and coworkers where CdTe sheets where assembled through electrostatic interactions and
anisotropic hydrophobic attractions.13

Similarly, a solvent mixture where all solvents are

miscible is used; therefore, the assembled structure is not promoted through solvent interfaces.

8.2 Experimental
8.2.1 Assembly of Inorganic Amphiphiles
To generate AuNP vesicles, 150 µL of AuNPs (3.0 µM) in ethanol were slowly added
(10 µL/30 sec) to 1.5 mL of tetrahydrofuran (THF) while being mixed by a magnetic stir bar.
After addition of the particles, 450 µL of water were added drop-wise (10 µL/30 sec) to initiate
the assembly. The solution was mixed overnight (15 hrs), then 1.5 mL of water was added over
15 min, and finally dialyzed against water (17.9 MΩ). Then, the sample was dialyzed against
water for 24 hours, and concentrated by centrifugation (14,000 rpm, 30 min). The AuNP
synthesis is explained in chapter 7.

8.3 Self-Assembly of Inorganic Amphiphiles
Quai-hydrophobic gold nanoparticles (AuNPs) functionalized with 11-mercapto-1undecanol (MUL) were assembled into vesicles through slow water addition. The assembly
process is similar to chapter 7 which involves AuNPs decorating polymersomes. Here, the
AuNPs assemble into vesicles without the presence of polymers. The AuNPs used in this chapter
were synthesized by a modified Brust method and explained in chapter 7.24,25 In a typical
assembly experiment, 150 µL of AuNPs (3.0 µM), in ethanol, were slowly added (10 µL/30 sec)
to 1.5 mL tetrahydrofuran (THF). After addition of the particles, 450 µL of water were added
drop-wise (10 µL/30 sec) to initiate assembly of nanoparticles. The solution was mixed overnight
(15 hrs), then 1.5 mL of water was added over 15 min, and dialyzed against water (17.9 MΩ).
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Figure 8.3. Self-assembly of inorganic amphiphiles.
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Figure 8.4. Influence of added surfactants (oleic acid) on vesicle formation. (a-c) TEM images
of vesicles assembled with increasing oleic acid, using 1.5 mL of solutions with OA
concentrations of 0 mg/mL (a), 0.1 mg/mL (b), and 1.0 mg/mL (c). (d-f) Cryo-TEM images of
vesicles assembled with increasing oleic acid, 0 mg/mL (d) and 0.1 mg/mL (e).

(d)

Corresponding DLS intensity plot of vesicles assembled in the presence of oleic acid. AuNP
initial concentration in 150µL of ethanol was 3.0 µM.
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Vesicles were characterized by transmission electron microscopy (TEM), cryogenic-TEM (cryoTEM),

scanning transmission

electron

microscopy (STEM),

energy-dispersive

X-ray

spectroscopy (EDS), and dynamic light scattering (DLS) (STEM and EDS characterization data is
in the supporting information).
As seen in Figure 8.1, cryo-TEM images confirm the vesicle structure of the assembled
AuNPs. The cryo-TEM images were necessary for characterization because conventional TEM
images for the vesicles were difficult to decipher (Figure 8.1). The amphiphilic behavior of the
particles is similar to previously reported works.26-28 In these reports, all the particles were
functionalized with polymers and the polymers were dictating the final morphologies which
included vesicles, tubes, and micelles.26-28 In contrast, we used as-synthesized particles without
any further modification and utilize nanoparticle-nanoparticle interactions. Therefore, the work
presented here resembles more closely the assembly of amphiphilic fullerenes into spherical
bilayers and the formation of sheets from individual CdTe nanoparticles.12,13

8.4 Influence of Nanoparticle Concentration
Initial nanoparticle concentration influences vesicle formation (Figure 8.2). As the
nanoparticle concentration increases, the vesicle wall thickness increases, and there are more
nanoparticle micelles and irregular aggregates (Figure 8.2). At high nanoparticle concentrations
(AuNPs, 15.0 µM) (Figure 8.2c, f), the vesicles and aggregates settle to the bottom of the vial
after dialysis, and sonication is needed for dispersion.

At low nanoparticle concentrations

(AuNPs, 0.6 µM) (Figure 8.2a, d), vesicles are well dispersed and do not settle over time. In the
concentration range for stabile (0.2 - 3.0 µM), well-dispersed vesicles, the particles do not
aggregate fully because the MUL ligands sterically protect the particles. At increased
nanoparticle concentrations, more micelles, irregular aggregates, and thicker vesicle walls
indicate that nanoparticle-nanoparticle interactions are stronger and are a result of kinetic
formation.
The hypothesis of vesicle formation is that nanoparticle-nanoparticle interactions drive
the formation of vesicles. The AuNPs functionalized with MUL are quasi-hydrophobic and do
not directly disperse into water.
aggregating.

Therefore, during the water addition, nanoparticles begin

As the aggregation occurs, MUL ligands begin reorganizing and increasing

nanoparticle-nanoparticle contact. Ligand reorganization creates an asymmetric tethered particle
with the geometry favoring vesicle formation (Figure 8.3). In addition to asymmetric ligand
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distribution on the particle surface leading to vesicle formation, nanoparticle size distribution has
been shown to influence nanoparticle assembly morphologies.29 For example, recently published
work by Glotzer and coworkers simulated self-assembly of polymer tethered particles with a
range of size distributions.29 For some nanoparticle aggregate phases, size polydispersity helped
stabilize those morphologies.29

Particle size dispersity may influence or stabilize vesicle

formation, but we hypothesize that nanoparticle-nanoparticle interactions and asymmetric ligand
distribution are the driving forces involved in the assembly process.

8.5 Influence of Added Surfactants
Various other AuNP structures are obtainable by the addition of excess ligands during
water addition (Figure 8.4 and Figure 8.6). Specifically, when the AuNPs are assembled in the
presence of excess oleic acid (OA) and MUL, large vesicles and tubular structures are observed
(Figure 8.4 and Figure 8.6). As seen in Figure 8.4, as the OA concentration is increased from
0.1 mg/mL to 1.0 mg/mL in the initial THF solution, the DLS plot shows an increase in aggregate
size. The TEM images confirm the DLS data. In the case of OA, large vesicles are produced
because the OA surfactant morphology dictates the resulting structure. As a note, previously
reported work involving colloidal superparticles assembled with iron oxide nanocubes used OA
addition to tune nanoparticle-nanoparticle interactions and wettability of the particle surface.7
Here, under the same conditions used to assemble AuNP vesicles in the presence of OA, OA
vesicles are formed in the absence of AuNPs (Figure 8.5). Therefore, AuNP assembly is
controlled by the excess OA in solution.
As for excess MUL, higher ligand concentrations suppress vesicle formation and favors
tubular structures (Figure 8.6). A similar trend is observed for increasing the MUL concentration
as in OA where the vesicle structure is maintained when the MUL concentration is 0.1 mg/mL,
but tubular structures are observed at a concentration of 1.0 mg/mL (Figure 8.6). The twodimensional EDS mapping confirms the presence of gold (Figure 8.6f). We hypothesize that
vesicle formation is suppressed at higher MUL concentrations because the asymmetric ligand
distribution on the particles during nanoparticle aggregation, which leads to vesicle formation, is
reduced because of the excess ligands in solution. The tubular structures form because MUL
solubility in water is minimal. Therefore, the AuNPs decorate the MUL template structure
similarly to OA.
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Figure 8.5. DLS intensity plot of vesicles assembled with OA.
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Figure 8.6. Influence of added surfactants (1-mercapto-1-undecanol) on vesicle formation. (a)
TEM and (b) Cryo-TEM images of vesicles assembled with in the presence of 1.5 mL of a 0.1
mg/mL MUL solution. (c-d TEM images of vesicles assembled with in the presence of 1.5 mL of
a 1.0 mg/mL MUL solution.

(e) Bright-field STEM image with corresponding (f) two-

dimensional Au intensity mapping. AuNP initial concentration in 150µL of ethanol was 3.0 µM.

150

8.6 Conclusions
In conclusion, chapter 8 discusses how to assemble vesicles with quasi-hydrophobic
AuNPs. As-synthesized particles were used in the assembly without any further preparation. The
vesicle structure was confirmed by cryo-TEM. As the nanoparticle concentration increases, the
vesicle wall thickness increases and more nanoparticle micelles and irregular aggregates form.
The vesicle formation is attributed to strong nanoparticle-nanoparticle interactions and ligand
reorganization on the particle surface. As two particles come together, the ligand distribution
becomes asymmetric. The asymmetric ligand distribution leads to the amphiphilic behavior of
the particles which favors vesicle formation.

This hypothesis is supported due to vesicle

formation suppression when excess MUL is added during particle assembly. The work presented
here establishes a procedure to assemble inorganic nanoparticles into various structures through
tuning nanoparticle-nanoparticle interactions.
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